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Abstract

Background

High levels of angiotensin-converting-enzyme (ACE) may increase the risk of 
dementia through blood pressure elevation and subsequent development of 
cerebral small-vessel disease. However, high ACE levels may also decrease this 
risk through amyloid degradation which prevents brain atrophy. 

Methods

Within the SMART-MR study, a prospective cohort study among patients with 
symptomatic atherosclerotic disease, serum ACE levels were measured at 
baseline and a 1.5 Tesla brain MRI was performed at baseline and after on 
average (range) 3.9 (3.0 - 5.8) years of follow-up in 682 persons (mean age 
58 ± 10 years). Brain segmentation was used to quantify total, deep, and 
periventricular white matter lesion (WML) volume, and total brain, cortical gray 
matter and ventricular volume as % of intracranial volume (% ICV). Lacunar 
infarcts were rated visually. Regression analyses were used to examine the 
prospective associations between serum ACE and brain measures. 

Results

Patients with the highest serum ACE levels (>43.3 U/L) had borderline 
significantly more progression of deep WML volumes than patients with the 
lowest ACE levels (<21.8 U/L); mean difference (95% CI) in change was 0.20 
(-0.02; 0.43) % ICV. On the contrary, patients with the highest serum ACE levels 
had significantly less progression of cortical brain atrophy than patients with 
the lowest ACE levels; mean difference (95% CI) in change was 0.78 (0.21; 
1.36) % ICV. Serum ACE was not associated with subcortical brain atrophy, 
periventricular WML or lacunar infarcts. 

Conclusion

Our results show that higher ACE activity is associated with somewhat more 
progression of deep WML volume, but with less progression of cortical brain 
atrophy. This suggests both detrimental and beneficial effects of high ACE 
levels on the brain.



ACE, progression of brain atrophy, vascular brain lesions and cognition

6

Chapter

109

Introduction

Over the last decade, epidemiologic evidence has accumulated that vascular 
risk factors and vascular disease play an important role in the etiology of 
dementia, including Alzheimer’s disease (AD) and its preclinical markers such 
as cerebral small-vessel disease and brain atrophy.1,2 An attractive biological 
candidate link that may explain the underlying mechanisms between vascular 
risk and dementia are components of the renin-angiotensin system (RAS).3 One 
of the key enzymes of the RAS is the angiotensin-converting-enzyme (ACE), of 
which the primary function is to maintain fluid homeostasis and regulate blood 
pressure.4 

Two conflicting hypotheses exist about the role of ACE in dementia. The vascular 
hypothesis implies that high ACE-activity may increase the risk of dementia by 
increasing vascular risk and cerebral small-vessel disease. Evidence supporting 
this hypothesis mainly comes from clinical trials that showed that inhibition 
of the RAS, through ACE-inhibitors, reduces the risk of stroke, small-vessel 
disease, cognitive decline and dementia.5-9 Other evidence comes from genetic 
association studies. A polymorphism in the ACE-gene results in either an 
insertion or a deletion (I/D) on chromosome 17, and has a strong association 
with circulating ACE levels.10 It has been found that patients with genetically 
determined high serum ACE levels, by having the D-allele of the ACE gene, have 
a modestly increased risk of stroke and small-vessel disease.11,12

The amyloid hypothesis suggests that high ACE-activity may decrease the risk of 
dementia by reducing accumulation of amyloid-beta (Aβ), a histopathological 
hallmark of AD. This is supported by laboratory-based studies showing that 
ACE degraded Aβ, and subsequent administration of ACE-inhibitors promoted 
the accumulation of Aβ, especially Aβ1-42, which is neurotoxic.13,14 In addition, 
genetic association studies showed that patients with genetically determined 
low serum ACE levels, by having the I-allele, have an increased risk of brain 
atrophy and AD.15,16 
The current evidence on the relation between ACE and dementia is almost 
entirely based on indirect markers of ACE-activity, such as use of ACE-inhibitors 
or the ACE gene. No study prospectively examined a more direct marker of 
ACE-activity, such as serum ACE, in relation to preclinical markers of AD. 
In this prospective study we examined both hypotheses in one study population 
by associating serum ACE with progression of white matter lesions (WML) and 
lacunar infarcts as markers of cerebral small-vessel disease and progression of 
global, cortical and subcortical brain atrophy. 
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Methods

SMART-MR study

Data were used from the Second Manifestations of ARTerial disease-Magnetic 
Resonance (SMART-MR) study, a prospective cohort study aimed to investigate 
brain changes on MRI in 1309 independently living patients with manifest 
arterial disease.17,18 Between May 2001 and December 2005, all patients newly 
referred to the University Medical Center Utrecht with manifest coronary artery 
disease, cerebrovascular disease, peripheral arterial disease or an abdominal 
aortic aneurysm (AAA), and without MR contraindications were invited to 
participate. During a 1-day visit to our medical center an MRI of the brain 
was performed, in addition to a physical examination, ultrasonography of the 
carotid arteries, and blood and urine sampling. Risk factors, medical history, 
and medication use were assessed with questionnaires. Between January 2006 
and May 2009, all participants still alive (n=1238) were invited for follow-up 
measurements, including an MRI of the brain.
The SMART-MR study was approved by the ethics committee of our institution 
and written informed consent was obtained from all participants.

Magnetic Resonance Imaging protocol

At baseline and follow-up, the MR investigations were performed on a 1.5-Tesla 
whole-body system (Gyroscan ACS-NT, Philips Medical Systems, Best, the 
Netherlands). The protocol consisted of transversal T1-weighted (repetition 
time (TR)/echo time (TE): 235 / 2 ms; flip angle, 80º), T2-weighted (TR / TE: 2200 
/ 11 ms and 2200 / 100 ms; turbo factor 12), FLAIR (TR / TE / inversion time (TI): 
6000 / 100 / 2000 ms) and inversion recovery (IR) (TR / TE / TI: 2900 / 22 / 410 
ms) sequences (field of view (FOV) 230 x 230 mm; matrix size, 180 x 256; slice 
thickness, 4.0 mm; slice gap, 0.0 mm; 38 slices). 

Brain segmentation

We used the T1-weighted gradient-echo, IR sequence and FLAIR sequence 
for brain segmentation. The probabilistic segmentation technique has 
been described elsewhere,19,20 and has been proven to be very reliable with 
similarity indices exceeding 0.8 for all segmented tissue and cerebrospinal 
fluid volumes, indicating an excellent agreement between the results of the 
segmentation program and manual segmentation. Two preprocessing steps 
were performed. The first step was an intra-patient rigid registration in order to 
compensate for motion and scan variations.21 The second preprocessing step 
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was an automatic skull-stripping of the T1 image,22 in order to define a proper 
region of interest for the segmentation process. The actual segmentation of 
the MR-images was performed by k-Nearest Neighbor (KNN) classification.20 
The result of the classification method is a probability value for each voxel that 
quantifies the amount of a specific tissue type contained in that voxel. Total 
volumes were calculated by adding all probabilities and multiplying this sum 
with the volume of 1 voxel. The segmentation program distinguishes cortical 
gray matter, white matter, sulcal and ventricular cerebrospinal fluid (CSF), and 
lesions. The results of the segmentation analysis were visually checked for the 
presence of infarcts and adapted if necessary to make a distinction between 
WML and infarct volumes. Total brain volume was calculated by summing the 
volumes of gray and white matter and, if present, the volumes of WML and 
infarcts. All volumes cranial to the foramen magnum were included. As a result, 
the total brain volume includes the cerebrum, brainstem and cerebellum. Total 
intracranial volume (ICV) was calculated by summing the total brain volume 
and the volumes of the sulcal and ventricular CSF. 

Brain atrophy

The brain volumes that were used for this analysis were total brain volume, 
cortical gray matter volume and ventricular volume as indicators of global, 
cortical, and subcortical atrophy. All brain volumes were normalized for ICV (%).18

Brain infarcts and white matter lesions

Infarcts were rated visually by an investigator and neuroradiologist blinded 
to clinical characteristics, and were re-evaluated in a consensus meeting. 
Infarcts were defined as focal hyperintensities on T2-weighted images of >3 
mm in diameter. Hyperintensities located in the white matter also had to be 
hypointense on T1-weighted and FLAIR images to distinguish them from WML. 
Dilated perivascular spaces were distinguished from infarcts on the basis of 
their location, form and absence of gliosis. The location, affected flow territory 
and type were scored for every infarct. Brain infarcts were categorized as 
cortical infarcts, lacunar infarcts, large subcortical infarcts and infratentorial 
infarcts. We defined lacunar infarcts as infarcts of 3 to 15 mm in diameter 
and located in the subcortical white matter, thalamus or basal ganglia. Large 
subcortical infarcts were sized >15 mm and were not confluent with cortical 
infarcts. Infratentorial infarcts were located in the brainstem or cerebellum. 
Periventricular lesions were defined as WML adjacent to or within 1 cm of 
the lateral ventricles in both hemispheres. Deep lesions were located in the 



Chapter 6

112

deep white matter tracts and may or may not have adjoined periventricular 
lesions. Volumes of periventricular and deep WML were summed to obtain the 
total volume of WML. WML volumes were normalized for ICV and natural log 
transformed.23

Neuropsychological assessment

Memory and executive functioning was assessed with neuropsychological 
tests, sensitive to mild impairments. Verbal memory was assessed with 5 
consecutive trials of the 15-word learning test (a modification of the Rey 
Auditory Verbal Learning test).24 Immediate recall and delayed recall were 
assessed. Non-verbal memory was assessed using the delayed recall of the Rey-
Osterrieth Complex Figure test.25 A composite score for memory performance 
at baseline was calculated by averaging the z-scores (individual test score 
minus mean test score divided by the standard deviation of that score) for the 
mean score of the 5 trials of the immediate recall, the z-score for the delayed 
recall, and the z-score for the Rey-Osterrieth Complex Figure delayed recall 
test. A composite score for memory performance at follow-up was calculated 
by averaging the z-scores (individual follow-up test score minus mean baseline 
test score divided by the standard deviation of the baseline test score) for the 
three memory tests. Executive functioning was assessed with three tests. The 
visual elevator test (subtest of the Test of Everyday Attention26 is a timed test of 
10 trials that measures mental flexibility and shifting of attention. The Brixton 
Spatial Anticipation test27 was used to assess the capacity to discover logical 
rules and mental inhibition and flexibility. The total number of errors made was 
scored. The Verbal Fluency test28 (letter A, one minute time frame) was used to 
assess mental flexibility and employment of strategies. Before calculating the 
z-scores, the scores of the Visual Elevator test and Brixton Spatial Anticipation 
test were multiplied by minus one, so that lower scores represented poorer 
performance. The composite score for executive functioning at baseline was 
calculated by averaging the z-score (individual test score minus mean test 
score divided by the standard deviation of that score) for the Visual Elevator 
test (timing score), the z-score for the Brixton Anticipation test, and the z-score 
for the letter Verbal Fluency test. A composite score for executive functioning 
at follow-up was calculated by averaging the z-scores (individual follow-up test 
score minus mean baseline test score divided by the standard deviation of the 
baseline test score) for the three executive functioning tests. 
Premorbid intellectual functioning was assessed by using the Dutch Adult 
Reading Test (DART).29 Educational level was divided into seven categories, 
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graded from primary school to academic degree, according to the Dutch 
educational system.

Vascular risk factors

Height and weight were measured without shoes and heavy clothing, and the 
body mass index (BMI) was calculated (kg/m2). Smoking habits and alcohol 
intake were assessed with questionnaires and were categorized as never, 
former, or current. Patients who had quit smoking or drinking during the 
past year were assigned to the category current smoking or alcohol intake. 
Glucose and lipid levels were determined in an overnight fasting venous blood 
sample. Diabetes mellitus was defined as a known history of diabetes, a fasting 
glucose level of ≥7.0 mmol/L or self-reported use of glucose-lowering agents. 
Hyperlipidemia was defined as total cholesterol >5.0 mmol/L, LDL >3.2 mmol/L 
or self-reported use of lipid lowering drugs. Systolic and diastolic blood 
pressures were measured twice in a sitting position with a sphygmomanometer 
and the average of the two measures was calculated. High blood pressure was 
defined as mean systolic blood pressure >140 mmHg and/or mean diastolic 
blood pressure >90 mmHg. Antihypertensive drug use was categorized in 
use of ACE-inhibitors, angiotensin receptor blockers (ARBs), diuretics, calcium 
channel blockers, beta blockers, or other antihypertensives.

Serum angiotensin-converting enzyme

During the patient’s visit to the medical center, an overnight fasting venous 
blood sample was taken. Serum angiotensin-converting enzyme (ACE) levels 
were determined by spectrophotometry using N-[3-(2-furyl)acryloyl]-L-
phenylalanylglycylglycine (FAPGG) as a substrate (Cobas Integra 400 plus, 
Roche, Swiss).30 The lower limit of detection was 2.0 U/L and the higher limit 
of detection was 120.0 U/L. Individuals with serum ACE levels <2.0 U/L (N=62) 
were truncated at 2.0 U/L and individuals with levels >120 U/L (N=11) were 
truncated at 120 U/L. The inter-assay variation was 6.9 and 2.3% at 34.5 and 
89.9 U/L (N=20) and the intra-assay variation was 10.8 and 5.7% at 34.5 and 
89.9 U/L (N=20). 

Study sample

Of the 1309 patients, 33 were excluded (no MRI N=19; no FLAIR N=14). Of the 
1276 remaining patients, 741 patients participated in the follow-up exam. Of 
these, 59 were excluded (no MRI N=37, motion or artifacts N=22). As a result, 
prospective analyses were performed in 682 patients. Compared with these 
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682 patients, the 556 patients (45% of the 1238 still alive) excluded from the 
present analysis were, at study entry, on average older (mean age (SD): 59 (11) 
vs. 58 (9) years; p = 0.001), more often female (23% vs. 19%; p = 0.024)), had 
higher SBP ( 143 (22) vs. 140 (20) mmHg; p=0.007), more diabetes mellitus (26% 
vs. 16%; p < 0.001), less often used alcohol (72% vs. 78%; p = 0.015) and more 
often smoked (29% vs. 20%; p = 0.002). Furthermore, they had smaller total 
brain volume (78.8% (3.0) vs. 79.3% (2.6); p = 0.002), larger total WML volume 
(0.15 (0.04-1.17) vs. 0.10 (0.03; 0.53); p<0.001) and worse cognitive functioning 
(z-score global cognitive functioning: -0.16 (1.1) vs. 0.14 (0.9); p < 0.001). Mean 
(SD) ACE levels were not significantly different between the excluded patients 
and the participants:  (33 (27) vs. 35 (26) U/L; p = 0.150).

Data-analysis
Missing data rarely occurs completely at random and a complete case 
analysis (deletion of all participants with one or more missing values) leads 
to loss of statistical power and to biased results.31,32 We therefore used 
multiple imputation (10 datasets) to address baseline missing values in ACE 
level, demographics, vascular risk factors, WML and brain atrophy using the 
statistical program R (aregImpute) (version 2.10.0). Data were analyzed using 
SPSS version 17.0 (Chicago, Ill, USA), by pooling the 10 imputed datasets. 
Baseline characteristics were calculated for the total study sample and across 
tertiles of serum ACE levels. Linear regression analysis was used to investigate 
the prospective association of serum ACE levels with change in measures of 
WML volume (total, deep and periventricular) and change in measures of brain 
atrophy (global, cortical, and subcortical), by using baseline serum ACE levels as 
the independent variable and measures of WML and brain atrophy at follow-
up as dependent variable. All analyses were adjusted for age, sex, baseline 
WML or brain volume, and follow-up time (Model 1). As blood pressure and 
use of antihypertensives may strongly confound the association of serum 
ACE with progression of WML and brain atrophy, we additionally adjusted for 
systolic blood pressure, diastolic blood pressure and antihypertensive drug 
categories (Model 2). To examine if the associations were independent of 
vascular risk factors we further adjusted for smoking, alcohol consumption, 
BMI, diabetes mellitus, and hyperlipidemia (Model 3). Furthermore, as cerebral 
small vessel disease could intermediate the association between serum 
ACE level and progression of the different measures of brain atrophy, we 
additionally adjusted for baseline total WML volume and lacunar infarcts. In 
addition, analysis of covariance (ANCOVA) was used to calculate the adjusted 
mean change in WML and brain volumes across tertiles of serum ACE. The log 
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transformed WML volumes were transformed back by using the exponential 
function. Logistic regression analysis was used to investigate the prospective 
association of serum ACE levels with progression of lacunar infarcts. Similar 
adjustments were made as described above.
Since large brain infarcts may strongly confound the association of serum ACE 
with progression of brain pathology, all analyses were repeated after exclusion 
of patients with large infarcts on MRI (cortical infarcts N=77; large subcortical 
infarcts N=6). Furthermore, because ACE-inhibitors and ARBs might be strongly 
associated with serum ACE levels, all analyses were repeated after exclusion 
of patients using these antihypertensive drugs (N=173). Finally, in a subset of 
the population (n=430) we investigated the prospective associations of serum 
ACE with cognitive decline (z-score for memory and z-score for executive 
functioning). In Model 1 adjustments were made for age, sex, baseline 
memory or executive functioning, education, DART-score and follow-up time. 
Adjustments according to Model 2 and 3 were done as described above.

Results

Mean (SD) age of the total study population was 58 (10) years. At baseline, 
mean serum ACE level (SD) in the total population was 35.4 U/L (26.4). Patients 
with lower ACE levels (<21.8 U/L) more often had cerebrovascular disease, 
diabetes and hypertension, they less often had peripheral artery disease, and 
they smoked less (Table 1). In addition, patients with lower ACE levels more 
often used antihypertensives, mainly ACE-inhibitors, and patients with higher 
ACE levels (>43.3 U/L) more often used ARBs (Table 1). After a mean (range) 
follow-up time of 3.9 (3.0-5.8) years, mean (SD) change in total, periventricular, 
and deep WML volume was 0.02% (0.32%), 0.03% (0.15%), and -0.01% (0.22%), 
respectively. The number of patients with one or more lacunar infarcts 
increased from 117 to 142. Mean (SD) relative total brain and cortical gray 
matter volume decreased with 1.0% (1.3%) and 1.7% (2.5%), and ventricular 
volume increased with 0.19% (0.43%).

ACE and progression of cerebral small-vessel disease (WML and 
lacunar infarcts)
An increase in serum ACE of one SD (26.4 U/L) was not associated with 
progression of total or periventricular volume, and was borderline significantly 
associated with progression of deep WML volume in Model 1 (Table 3). 
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Table 1. Baseline characteristics of the total study population and stratified by serum ACE level.

Tertiles of serum ACE level Total

1
2.0-21.8 U/L 
N=227

2
21.8-43.3 U/L
N=228

3
43.3-120.0 U/L 
N=227 N=682

Demographic factors

Male sex, % 83 81 81 82
Age (years) * 57.4 (9.5) 57.3 (9.7) 57.9 (9.2) 57.5 (9.5)
Educationa,c † 4 (2-6) 3 (1-7) 3 (2-6) 3 (2-6)
DART-scoreb,c † 83 (57-98) 80 (54-97) 83 (60-97) 82 (57-97)
Cognitive functioning c

Z-score memory * -0.05 (0.94) -0.05 (1.01) 0.10 (1.01) 0.00 (1.00)
Z-score executive functioning * 0.01 (1.02) -0.04 (1.10) 0.03 (0.90) 0.00 (1.00)
Vascular disease category

Cerebrovascular disease, % 30 21 20 23
Coronary heart disease, % 63 61 61 62
Peripheral arterial disease, % 15 22 18 18
Abdominal aortic aneurysm, % 5 6 6 6
Blood pressure (BP)

Systolic BP (mmHg) * 142 (20) 138 (19) 140 (20) 140 (20)
Diastolic BP (mmHg) * 83 (11) 81 (10) 81 (10) 82 (10)
Hypertension, % 52 44 46 47
Use of antihypertensives, % 83 59 63 68
ACE inhibitors, % 48 4 3 19
ARBs, % 6 7 10 8
Beta blockers, % 44 44 43 44
Diuretics, % 15 6 11 10
Calcium antagonists, % 17 19 17 18
Other vascular risk factors

Diabetes mellitus, % 21 15 13 16
Hyperlipidemia, % 79 79 74 78
Smoking, % current 17 20 24 20
Alcohol use, % current 78 80 77 78
BMI (kg/m2) * 27.4 (3.8) 26.3 (3.2) 26.7 (3.7) 26.8 (3.6)

* mean (SD), † median (10th – 90th percentile). a Educational level was divided in seven 
categories, graded from primary school to academic degree, according to the Dutch 
educational system. b DART-score: Dutch version of the national Adult Reading Test-score 
(range 0-100). c These variables were present in 430 patients. ARBs: Angiotensin Receptor 
Blockers; BMI: Body Mass Index. Percentage of missing values before imputation: ACE level, 
8.1%; education, 2,6%; DART-score, 0.9%; diabetes mellitus, 1,5%, hyperlipidemia, 1.8%; 
smoking and alcohol use, 0.6%; BMI, 0.1%; all other variables, 0,0 %.
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Table 2.  Baseline measures of brain measures of the study population (n=682).

Tertiles of serum ACE level Total 
population

1
2.0 - 21.8 U/L 
N=227

2
21.8 - 43.3 U/L
N=228

3
43.3 - 120.0 U/L
N=227 N=682

Large brain infarcts

Cortical brain infarcts, n (%) 36 (16%) 24 (11%) 18 (8%) 77 (11%)
Large subcortical
brain infarcts, n (%)

3 (1%) 1 (0.5%) 2 (1%) 6 (1%)

Cerebral small-vessel disease

Total WML (% ICV) † 0.09 
(0.03-0.69)

0.10 
(0.02-0.38)

0.10 
(0.03-0.59)

0.11 
(0.03-0.64)

Deep WML (% ICV) † 0.04 
(0.01-0.27)

0.04 
(0.01-0.16)

0.05 
(0.01-0.34)

0.04 
(0.01-0.30)

Periventricular WML (% ICV) † 0.05 
(0.01-0.39)

0.05 
(0.01-0.20)

0.05 
(0.01-0.30)

0.05 
(0.01-0.23)

One lacunar infarct, n (%) 24 (11%) 13 (8%) 20 (9%) 57 (8%)
Two or more lacunar  
infarcts, n (%)

25 (11%) 13 (6%) 23 (10%) 60 (9%)

Brain atrophy

Total brain volume (% ICV) * 79 (3) 79 (3) 79 (2) 79 (3)
Cortical gray matter  
volume (% ICV) *

36 (3) 36 (3) 36 (3) 36 (3)

Ventricular volume (% ICV) * 2.1 (0.9) 2.0 (0.9) 2.0 (0.9) 2.0 (0.9)

* mean (SD). † median (10th – 90th percentile). ICV= Intracranial volume; WML= white 
matter lesion volume. Percentage of missing values before imputation: total, deep and 
periventricular WML, BPF and VF, 2.8%; GMF, 19.8%; all other variables, 0.0 %.

Additional adjustment for measures of blood pressure, use of antihypertensive 
drugs, and other vascular risk factors did not materially change these 
associations (Table 3, Models 2 and 3). When analyzed as tertiles, patients with 
higher serum ACE levels (highest tertile) compared to those with lower serum 
ACE levels (lowest tertile), had borderline significantly more progression of 
deep WML volume, but not of total or periventricular WML volume (Figure 1). 
Mean difference in change in deep WML volumes between the highest and 
lowest ACE tertile was 0.20% (95% CI -0.02; 0.43).
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Table 3. Association of baseline serum ACE levels with progression of white matter lesions 
(WML) and brain atrophy (n=682).

Change in ln total 
WML (% ICV)
B (95% CI)

Change in ln deep 
WML (% ICV)
B (95% CI)

Change in ln periventricular 
WML (% ICV)
B (95% CI)

ACE levels per SD increase

Model 1
Model 2
Model 3

0.01 (-0.05; 0.07)
0.03 (-0.04; 0.09)
0.02 (-0.04; 0.09)

0.05 (-0.03; 0.13)
0.08 (-0.01; 0.16)
0.07 (-0.02; 0.16)

0.01 (-0.05; 0.06)
0.02 (-0.05; 0.08)
0.01 (-0.05; 0.07)

Change in total 
brain volume
(% ICV)
B (95% CI)

Change in cortical 
gray matter volume
(% ICV)
B (95% CI)

Change in ventricular 
volume
(% ICV)
B (95% CI)

ACE levels per SD increase

Model 1
Model 2
Model 3

0.11 (0.03; 0.20)*
0.08 (-0.02; 0.17)
0.09 (-0.01; 0.18)

0.25 (0.06; 0.43)*
0.23 (0.01; 0.44)*
0.24 (0.02; 0.45)*

-0.00 (-0.03; 0.03)
-0.01 (-0.04; 0.03)
-0.01 (-0.05; 0.02)

Model 1: adjusted for age, sex, baseline WML or brain volume, and years of follow-up.
Model 2: Model 1 + adjusted for systolic and diastolic blood pressure, use of beta blockers, 
calcium antagonists, diuretics, ACE-inhibitors, and ARBs.
Model 3: Model 2 + adjusted for alcohol intake, smoking, BMI, diabetes mellitus, and 
hyperlipidemia.
One SD: 26.4 U/L; * p < 0.05.

Logistic regression analysis showed that serum ACE was not associated with 
progression of lacunar infarcts; the odds ratio (OR, 95% CI) adjusted for age, 
sex, follow-up time, blood pressure, use of antihypertensive drugs and vascular 
risk factors was 1.07 (0.70; 1.60). 
After exclusion of patients with large infarcts on MRI (n=81) the associations 
between serum ACE and progression of WML volumes or lacunar infarcts did 
not materially change (data not shown), nor did these materially change after 
exclusion of patients using ACE-inhibitors or ARBs (n=173): (B (95% CI) in model 
3 for total, deep and periventricular volume were 0.01 (-0.07; 0.09), 0.06 (-0.04; 
0.16) and -0.01 (-0.08; 0.06), respectively. The OR (95% CI) in Model 3 for lacunar 
infarcts was 0.80 (0.52; 1.36).

ACE and progression of brain atrophy

An increase in serum ACE of one SD (26.4 U/L) was significantly associated with 
less progression of global and cortical brain atrophy (Table 3, Model 1), but 
not with subcortical atrophy. The relation with global brain atrophy attenuated 
and was no longer statistically significant in Models 2 and 3, but the relation 
with cortical brain atrophy remained (Table 3, Models 2 and 3). Including 
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Figure 1. Longitudinal relation between serum ACE level and change in total (A), deep (B) and 
periventricular (C) WML volume (Model 3). 

Bars represent the mean (standard error) change in WML volume after 3.9 years of follow-up. 
ACE tertiles: (1) 2.0 - 21.8 U/L; (2) 21.8 - 43.3 U/L; (3) 43.3 - 120.0 U/L. † Tertile 3 vs tertile 1: 
p = 0.08.
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cerebral small vessel disease did not change the association between serum 
ACE and total or cortical brain atrophy (data not shown). When analyzed as 
tertiles, patients with the highest ACE levels had less progression of cortical 
brain atrophy than those with the lowest levels (Figure 2). Mean difference in 
change in cortical brain atrophy between the highest and lowest ACE tertile 
was 0.78% (95% CI 0.21; 1.36%). 
After exclusion of patients with large infarcts on MRI (n=81) the associations 
between serum ACE and change in brain atrophy did not materially change 
(data not shown), nor did these materially change after exclusion of patients 
using ACE-inhibitors or ARBs (n=173): (B (95% CI) in model 3 for total, cortical 
and ventricular volume were 0.09 (-0.03; 0.20), 0.27 (0.02; 0.53) and -0.01 (-0.05; 
0.03), respectively).

ACE and change in cognitive functioning

An increase in serum ACE of one SD (26.1 U/L) was not associated with a decline 
in memory or executive functioning (Table 4). After exclusion of patients with 
large infarcts on MRI (n=43) the associations between serum ACE and change 
in cognitive functioning did not materially change (data not shown), nor did 
these materially change after exclusion of patients using ACE-inhibitors or 
ARBs (n=132): (B (95% CI) in Model 3 for memory and executive functioning 
were -0.01 (-0.09; 0.07) and 0.01 (-0.07; 0.10), respectively).

Table 4. Association between serum ACE level and change in memory and executive 
functioning (n=430).

Z-score memory Z-score executive functioning

B (95% CI) B (95% CI)

ACE levels per SD increase

Model 1
Model 2
Model 3

-0.01 (-0.06; 0.05)
-0.01 (-0.06; 0.05)
-0.01 (-0.07; 0.05)

0.03 (-0.03; 0.09)
0.03 (-0.03; 0.09)
0.03 (-0.03; 0.10)

Model 1: adjusted for age, sex, baseline z-score for memory or executive functioning, 
education, DART-score and years of follow-up. Model 2: Model 1 + adjusted for systolic 
and diastolic blood pressure, use of beta blockers, calcium antagonists, diuretics, ace-
inhibitors and ARBs. Model 3: Model 2 + adjusted for alcohol intake, smoking, BMI, DM and 
hyperlipidemia. One SD: 26,1 U/L.
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Figure 2. Longitudinal relation between serum ACE level and change in total brain volume (A), 
cortical gray matter volume (B) and ventricular volume (C) (Model 3). 

Bars represent the mean (standard error) change in brain volume after 3.9 years of follow-
up. ACE tertiles: (1) 2.0 - 21.8 U/L; (2) 21.8 - 43.3 U/L; (3) 43.3 - 120.0 U/L.
* Tertile 2 vs. tertile 1: p = 0.05, ** Tertile 3 vs. tertile 1: p = 0.008.
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Discussion

In this prospective cohort of patients with manifest arterial disease, we 
observed that serum ACE levels in the highest tertile compared to the lowest 
tertile were associated with greater progression of deep WML volume, and 
with less progression of cortical brain atrophy. These associations were largely 
independent of potential confounders, such as age, sex, blood pressure, 
antihypertensive medication, and large brain infarcts. ACE levels were not 
associated with progression of periventricular WML volume, lacunar infarcts, 
global brain atrophy or subcortical atrophy, nor with change in cognitive 
functioning. 
Major strengths of this study include its prospective design with long follow-
up, the large sample size, and the use of volumetric assessment of measures 
of WML and brain atrophy. This made it possible to obtain precise estimates of 
progression of WML and brain volume and resulted in a large power to detect 
associations. In addition, the segmentation of different brain tissue types and 
CSF spaces made it possible to differentiate between cortical gray matter 
volume and ventricular volume, and between deep and periventricular WML. 
Furthermore, we could adjust for many potential confounders. Limitations 
of our study are first that individuals who participated in the follow-up 
examination represented a relatively healthy group. This may have led to 
an underestimation of the true association and may explain the absence 
of some associations. Second, our study sample consisted of patients with 
manifest arterial disease, and our results may not be applicable to the general 
population.
To our knowledge, this is the first study that examined serum ACE levels with 
progression of indicators of cerebral small vessel disease and brain atrophy 
in one population. As such, we were able to study the vascular as well as the 
amyloid hypothesis. We found that higher serum ACE levels were associated 
with a slightly increased risk of progression of deep WML and with a decreased 
risk of cortical brain atrophy, which suggests that high ACE levels have opposing 
effects on the brain. Only one previous study examined the cross-sectional 
relation between serum ACE and WML load and found no association.33 
However, a visual rating scale was used and WML load was included as a 
dichotomous outcome (present vs. absent), whereas we investigated volume 
of WML as a continuous outcome variable. This made it possible to investigate 
small increases in WML volume. Furthermore, a recent meta-analysis of 
genetic association studies showed that patients with genetically determined 
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high serum ACE levels had a modestly increased risk of WML.11 An explanation 
for these and our findings could be that the enzymatic actions of ACE result 
in blood-pressure-increasing effects such as increased vasoconstriction and 
activation of the sympathetic nervous system, and promote hyperplasia and 
hypertrophy in vascular smooth muscle cells.34 Subsequently, this may result 
in ischemia of the small penetrating arteries and arterioles of the white matter, 
which can be seen as deep WML on MRI. 
Our finding that higher ACE activity was associated with less progression 
of cortical brain atrophy is novel and may be of interest. No earlier study 
investigated the association between serum ACE and progression of brain 
atrophy, although one study found that patients with genetically determined 
low ACE levels had an increased risk of hippocampal atrophy.15 These results 
and ours might suggest that higher ACE levels also have beneficial effects with 
respect to the brain. An explanation could be that higher ACE activity might 
prevent the accumulation of amyloid plaques in the brain and subsequently 
brain atrophy.13,14 However, we did not relate serum ACE levels to markers 
of amyloid accumulation, and brain atrophy could also be the result of other 
factors such as metabolic and vascular risk factors and cerebrovascular 
pathology. Yet, we extensively adjusted for metabolic and vascular risk  factors. 
Also, since higher ACE levels were associated with more progression of WML it is 
unlikely that the relation between high ACE and less brain atrophy is explained 
by cerebrovascular pathology. Another explanation could be that patients 
with higher ACE levels are those not using ACE inhibitors, and therefore are 
healthier with respect to hypertensive diseases. Yet, when excluding patients 
using ACE inhibitors from the analysis, higher ACE levels were still associated 
with less progression of cortical atrophy. 
Although an association was found with serum ACE level and change in WML 
and brain atrophy, no association was found with cognitive functioning. There 
are several reasons for the absence of an association. First, the study sample 
is a relatively young population without cognitive impairment. It is possible 
that the brain changes are present before any change in cognitive function 
can be detected. It might be interesting to follow these patients for a longer 
period, so cognitive problems might develop and an association could become 
present between ACE level and change in cognitive functioning. In the current 
stage, it is only possible to see an association with the preclinical markers 
of cognitive decline, such as WML volume and brain atrophy. Second, these 
analyses were done in a subset of the population, which limits the power to 



Chapter 6

124

show an association. Finally, as more progression of WML and less progression 
of brain atrophy might have opposite effects on cognitive functioning, it could 
be possible that any small association present disappeared.
Our findings that higher ACE activity was associated with more progression 
of WML and with less progression of brain atrophy might imply that the 
lowering of ACE levels through use of ACE inhibitors could have beneficial as 
well as detrimental effects on the brain. If true, this could suggest that persons 
at high risk for AD, or persons with genetically low ACE levels by having the 
I-allele, could better use other antihypertensive drugs such as ARBs, instead 
of ACE-inhibitors.3,35 A recent prospective cohort analysis showed that use 
of ARBs were associated with a reduced risk of incident dementia compared 
with ACE inhibitors and other antihypertensives.36 These studies suggest that 
the protective potency of ARBs on the brain might be superior to that of ACE 
inhibitors. Yet, to investigate the possible detrimental effects of ACE-inhibitors 
on the brain compared with ARBs, randomized clinical trials are needed.
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