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established contact with the more recently emerging or
reorganized cortical fields (Fig. 2B). In view of these evo-
lutional considerations, the question arises whether it is
meaningful to study all pathological features and

mechanisms of the Alzheimer’s disease-related pathological
process in rodents, inasmuch as these mammals do not
possess the specialized and late-maturing vulnerable types
of nerve cells and late-maturing cortical regions that

Figure 3 The transentorhinal and entorhinal cortex. (A) Found only in higher primates and humans, the transentorhinal region (tre,

borders thereof indicated by black lines) is located deep in the rhinal sulcus and is here recognizable by means of the intensely stained medium-

sized neurons characterizing the obliquely descending layer pre-! (white arrows). By contrast, the entorhinal region (ent, white arrows) extends

over the surface of anterior portions of the parahippocampal gyrus. Coronal section, 200 mm, aldehyde fuchsin and Darrow red. (B) Detail

micrograph showing the distinctive and highly complex lamination pattern of the entorhinal region. Arrows point to the characteristic cellular

islands of layer pre-! and one of the deep layers, pri-!. Coronal section, 200 mm, aldehyde fuchsin and Darrow red. (C) This overview section cut

tangentially to the surface of the entorhinal region provides a bird’s-eye view of the cellular islands in layer pre-! of a 48-year-old female (control).

The neuronal patterns in layer pre-! of the right and left entorhinal regions are so unique that it is possible to distinguish one individual from

another. Section = 200 mm, aldehyde fuchsin and Darrow red. (D) NFT stage II of the Alzheimer’s disease-related pathological process in a 47-

year-old non-demented female (control case). Note the oblique descent of the selectively involved layer in the transentorhinal region (modified

pre-! neurons) accompanied by severe involvement of layer pre-! in the entorhinal region and beginning involvement of the deep layer pri-!. The

hippocampal formation is still uninvolved. Coronal section, 100 mm, Gallyas silver-iodide stain for neurofibrillary lesions. (E) NFT stage III in a

tangential section through layer pre-! of the entorhinal region showing NFT-bearing neurons in layer pre-!. Section = 200 mm, Gallyas silver iodide

for neurofibrillary lesions. (F) In the course of the Alzheimer’s disease process, the cellular islands of layer pre-! (arrows) sustain increasingly

severe damage. By end-stage disease, the destruction of layers pre-! and pri-! effectively ‘disconnects’ the hippocampal formation and entorhinal

region from the neocortex. Section = 100 mm, Gallyas silver-iodide method for neurofibrillary lesions. lna = lateral subnucleus of the amygdala;

pre-! = layer ! of the entorhinal external principal layer; pri-! = layer ! of the entorhinal internal principal layer. Adapted, in part (A, B, D), with

permission from Braak H and Del Tredici K, Adv Anat Embryol Cell Biol 2015a; 215: 1-162.
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beyond (frontal neocortex) (Fig. 2B). In this evolutional
context, the functionally unified group of subcortical
nuclei also developed new subdivisions, and the cortical
projections from these more recent subdivisions reached
the newer cortical structures, e.g. the transentorhinal

region, as well as the predominantly neocortically-oriented
portions of the entorhinal region (Fig. 2B) (for such ‘inte-
grated phylogeny’ see Rapoport, 1988, 1990, 1999).

To connect areas within the neocortex, pyramidal cells of
layers II–III of primary sensory areas give rise to projections

Figure 1 AT8-immunopositive NFT stages I-VI of the pathological process underlying sporadic Alzheimer’s disease in coronal

100 mm sections cut perpendicular to the intercommissural axis. (A) NFT stages I (left) and II (right) in a cognitively unremarkable 80-

year-old female, who died of myocardial infarction. The tau pathology develops first and foremost in the most superficial cellular layer (layer pre-!)

of the transentorhinal (stage I) and entorhinal cortex (stage II). (B) NFT stages II (left) and IV (right) in a 75-year-old cognitively impaired male, who

died of a metastatic pulmonary neoplasm. Differences between hemispheres usually do not exceed more than one NFT stage. The existence of

such cases makes it very unlikely that a separate ‘age-related non-Alzheimer’s disease-related’ tauopathy exists, in which, purportedly, the tau

lesions intrinsically do not progress beyond the limits of the entorhinal cortex and hippocampus. (C) NFT stage III in a 90-year-old female (cause

of death: malignant pancreas neoplasm). The section is cut through the hippocampal formation at the level of the uncus (left) and through the

amygdala (right). Here, the Alzheimer’s disease-related tau changes are seen not only in the transentorhinal and entorhinal cortices but also in the

medially adjoining amygdala and hippocampal formation, as well as in laterally adjoining portions of the basal temporal neocortex. (D) NFT stage

VI in a 72-year-old severely demented female patient with Alzheimer’s disease (cause of death: aspiration pneumonia). Note that all portions of the

cerebral cortex become involved in the late-phase of the Alzheimer’s disease process. Scale bar in B applies to A, C and D. (E and F) Major

entorhinal connectivities. (E) Neocortical afferences (black arrows) converge on the transentorhinal and entorhinal layer pre-!, whence the data

are transferred via the perforant path (red arrows) to the hippocampal formation. The border between the entorhinal and transentorhinal regions

is marked by a dashed grey line. (F) A dense back-projection from the subiculum in the hippocampal formation terminates in the entorhinal deep

layer pri-! (blue arrows) and is transferred from there back to the neocortex (black arrows). Adapted with permission from Braak H and Del

Tredici K, Alzheimers Dement 2012; 8: 227-33 and Adv Anat Embryol Cell Biol 2015a; 215: 1-162.
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Neurofibrillary	tangles,	via	Enthorhinalcortex to	
Hippocampus	(Braak,	2015):		

absence of fresh tau lesions. To date, however, no one has
presented evidence of such a phenomenon (Braak and Del
Tredici, 2014; Duyckaerts et al., 2015). The idea that the
here-described presymptomatic phase is intrinsically ‘non-
Alzheimer’s disease-related’ requires the problematic defin-
ition of the point at which such tau inclusions convert from
being non-Alzheimer’s disease-related to Alzheimer’s

disease-related lesions. Moreover, in addition to the mor-
phological evidence for the existence of a single Alzheimer’s
disease process, recent molecular findings indicate that the
underlying pathological process is not necessarily a hetero-
geneous one: experimentally, the conformational states of
the misfolded tau protein derived from patients with
Alzheimer’s disease that propagated to cause the formation

Figure 4 Development of abnormal intraneuronal tau inclusions and extracellular amyloid-b deposits in 2 336 non-selected

autopsy cases by decade. The columns are colour-coded: stages of abnormal tau (orange) and phases of amyloid-b deposition (green). (A) The

columns represent the relative frequency of cases entirely devoid of abnormal tau deposits (0.4% of all cases). (B) Columns showing the

development of subtle subcortical lesions in cases with stages a–c of non-fibrillar abnormal tau pathology in axons and with pretangle formation in

the somatodendritic domain. Whereas during stages a–c, abnormal tau is lacking in the cortex, the pathological material is present in the

brainstem in isolated neurons that send diffuse projections to the cortex. (C) Here, the columns depict the relative frequency of cases with early

cortical non-fibrillar inclusions in neuronal processes and non-argyrophilic lesions in pyramidal cells of the transentorhinal cortex (cortical stages

1a and 1b). (D–F) Conversion of the AT8-positive pretangle material into stable, Gallyas-positive (argyrophilic) neurofibrillary lesions marks the

cortical NFT stages I-VI. (D) Cases at NFT stages I-II. (E) Cases at NFT stages III-IV. (F) Cases at NFT V-VI stages (see also Table 1). (G–K)

Development of insoluble extracellular amyloid-b deposits (primitive plaques). (G) Initial amyloid-b deposits usually appear in basal portions of the

temporal neocortex (phase 1). Note that amyloid-b plaques develop considerably later than the abnormal intraneuronal tau lesions (see Table 2).

(H) Phase 2 (amyloid-b deposits present throughout the cerebral cortex) and phase 3 cases (amyloid-b deposition extends into subcortical

portions of the forebrain). (K) Phase 4 (amyloid-b deposits extend into mesencephalic components) and phase 5 cases (amyloid-b deposition

reaches the reticular formation and the cerebellum).
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Figure 4 Development of abnormal intraneuronal tau inclusions and extracellular amyloid-b deposits in 2 336 non-selected

autopsy cases by decade. The columns are colour-coded: stages of abnormal tau (orange) and phases of amyloid-b deposition (green). (A) The

columns represent the relative frequency of cases entirely devoid of abnormal tau deposits (0.4% of all cases). (B) Columns showing the

development of subtle subcortical lesions in cases with stages a–c of non-fibrillar abnormal tau pathology in axons and with pretangle formation in

the somatodendritic domain. Whereas during stages a–c, abnormal tau is lacking in the cortex, the pathological material is present in the
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Hyperphosphorylated tau	polymerizes,	destabilizes	axonal	
microtubuli and	precipitates	neurofibrillary	degeneration

Intact tau

Defective tau, 
(hyperphosphorylated)

Tubulin-
monomer

Tau protein binds microtubuli for 
polymerization
in axons, aiding stability and 
transport

Defective tau (hyperphosphorylated) 
de-polymerizes microtubuli and forms 
paired helical filamets (”PHF-tau”) 
as part of neurofibrillary degeneration

Microtubuli

Ischemia, Cdk5
contribute to tau 
phosphorylation

Alzheimer’s	disease,	progression	from	MCI	to	
dementia	demens- loss	of	brain	tissue	over	2	years
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From the Alzheimer’s Disease Neuroimaging Initiative (ADNI) study, conversion at 24 months of 268 MCI 
subjects was analyzed. It was found that 101 subjects (37.7%) converted to AD within that time frame.
Low episodic memory “level 2 “ (delayed recall, AVLT6) is a risk factor for conversion, effect is modified 
by e.g. perceptual motor speed (TMT), APOE4. Similar findings from own data. 

direct ordering, with the higher of the states being
greater than the lower one.
In our analysis, a uniform prior probability value of 1/29

was assigned to each state for each subject to indicate
prior belief about which profile would fit a given subject.
We then estimated two response distributions for each NP
measure as described above. These distributions were then
used to weigh the relative likelihood that an observed
response indicated that a subject had the associated higher
level functioning.

Response distributions
Responses from both the MCI subjects and also early AD
subjects (an additional 174 such subjects) were included
in the estimation, to allow for a range of values. Given
the apparent non-normality of response data, nonpara-
metric approaches to response distribution estimation
were adopted [10,11,15-17] (see Additional file 1).

Grouping of profiles and classified subjects
The ordered relationships between states arise when
identifying subgroups with shared functioning levels for
a function. For instance, the subgroup of states that
have high performance level for episodic memory level 2
are all the states greater than or equal to state 14. Pre-
cisely, this would be state 1 through 12, and state 14.
The complement of this subgroup (all states not greater
than or equal to state 14) would thus comprise the
states with lower performance level. Once subgroups
such as this have been identified and classification con-
ducted, the probability that a subject has a particular
performance level for a function can be computed by
summing the posterior probabilities of membership of
each of the states in the subgroup. These probabilities
are used as a basis for cutoff values in function-related
groupings, which are then compared statistically in
terms of proportion of AD conversions from MCI. All
reported P-values are two-sided.
We treated cognitive flexibility slightly differently from

other NP functions, due to confounding of its functioning
status in classification under certain profiles, specifically
for states 7, 14, 21, and 28. Confounded profiles arise due
to limitations of the NP battery to distinguish all possible
profiles. Profiles with confounding give conflicting infor-
mation about certain functions, but probabilities for a

subject being at certain functioning levels can still be
obtained by weighting the information provided across a
set of confounded profiles (see Additional file 1 for more
details).

Model validation
Briefly, model fit appears to be good. Response distribu-
tion estimates for all measures correspond to the assumed
order structure, in that those subjects expected by the
model to score well actually tended to do so, and those
not expected to score well tended not to do so. Moreover,
classification was fairly decisive, especially given the
limited number of NP measures employed. Observed
responses to the measures were thus consistent with
the model specifications. See Figures S1 through S6 and
Table S1 in Additional file 1.

Results and discussion
We explored different cognitive groupings within MCI
subjects, to assess conversion rates to AD at two years
post baseline. Not surprisingly, episodic memory is the
cognitive function that appears to be most significantly
related to future conversion. Still, the different perfor-
mance levels of episodic memory in our model appear
to have varying degrees and ways of association with
conversion outcomes. For instance, as seen in Table 4,
level 2 episodic memory performance levels influence
the rate of conversion among those with MCI. In sub-
jects for whom level 2 episodic memory functioning is
low (in other words, below the cutoff probability value
of less than 0.275), 41 out of 67 (61.2%±11.7%, 95% CI)
converted to AD within two years, which is much higher
than the overall MCI to AD conversion rate in this sam-
ple of 101 out of 268 (37.7%±5.8%, 95% CI). Those with
relatively lower performance in level 2 of episodic mem-
ory significantly differ in conversion rates compared
with those with higher performance, regardless of
whether or not the APOE e4 allele is present. The
P-value for Fisher’s exact test is 0.000 for a two-sided
test of no association between conversion and having
relatively low episodic memory level 2 functioning.
Other functions where relatively lower functioning at

baseline may indicate higher risk for conversion from
MCI to AD are perceptual motor speed and cognitive
flexibility. For perceptual motor speed, using a cutoff

Table 4 Relationship between episodic memory level 2 functioning and conversion to Alzheimer’s disease (AD) over a
two-year period

Converted to AD Low episodic memory level 2 function Not low episodic memory level 2 function Total

Yes 61.2% (41) 29.9% (60) 37.7% (101)

No 38.8% (26) 70.1% (141) 62.3% (167)

Total 100% (67) 100% (201) 100% (268)

Results are presented as the percent (number) of patients. Fisher’s exact test two-sided P-value = 0.000 for a test of no association; positive predictive value = 0.612;
negative predictive value = 0.701.

Tatsuoka et al. Alzheimer’s Research & Therapy 2013, 5:14
http://alzres.com/content/5/2/14
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probability value of 0.40 to delineate a lower functioning
subgroup, and considering subjects with at least one
APOE4 allele, 23 of 35 (65.7%±15.7%, 95% CI) of MCI
subjects with relatively low functioning convert to AD
within 24 months. On the other hand, only 14 of 35
MCI subjects with relatively low perceptual motor speed
and without an APOE4 allele convert (40%±16.2%, 95%
CI). Further, for cognitive flexibility, using a cutoff prob-
ability value of 0.30 to delineate a lower functioning
subgroup, 28 of 48 (58.3%±13.9%, 95% CI) of MCI sub-
jects with relative low baseline functioning convert to
AD within 24 months. In this case, the P-value for Fish-
er’s exact test of no association is 0.007.
Interestingly, we conversely found much lower rates of

conversion among certain cognitive profiles. In particu-
lar, only four out of forty-one (9.8%±9.1%, 95% CI) MCI
subjects with no APOE e4 alleles and relatively high
level-3 episodic memory functioning (cutoff probability
value greater than 0.80) convert in two years. This rate
appears to be lower than for subjects with no APOE e4
allele but without high level-3 episodic memory function-
ing (P-value = 0.001, Fisher’s exact test of no association).

Amnestic multidomain MCI identified with poset models
An advantage of the poset approach is the ability to pro-
vide classification to profiles that address a range of func-
tions. Subgroups, such as amnestic multidomain MCI, can
be characterized more precisely by identifying specific
functions that are relatively impaired along with episodic
memory.
In our sample, subjects with relatively low functioning

on episodic memory level 2 (probability of being at high
level at level 2 being 0.275 or less) and perception speed
(probability cutoff value of 0.40 or less) were identified.
As shown in Table 5, among subjects with at least one
APOE e4 allele and with relatively low levels of both
episodic memory and perception speed, 16 out of 19
converted (84.2%±16.4%, 95% CI). Considering only sub-
jects with lower level-2 episodic memory functioning,
those who additionally have lower functioning in per-
ceptual motor speed appear even more likely to convert
(P-value = 0.013, Fisher’s exact test of no association).

In contrast, additionally having lower functioning with
cognitive flexibility did not appear to significantly
increase risk for conversion. Among subjects with lower
episodic memory level 2 functioning, observed percen-
tages of conversion with and without lower cognitive
flexibility were 66.7% versus 57.5% (18 out of 27 versus
23 out of 40).

Cognitive change before conversion
Over the range of cognitive functions, histograms were
generated for the respective probabilities of converters
having relatively high functioning over the 24 months
preceding conversion. Analogous histograms were gen-
erated for non-converters over a time period of the
same duration starting from baseline. See Figures 2, 3, 4,
5, 6, 7, 8. Note that for non-converters, only those sub-
jects who did not convert over the full 36-month period
of the study were included in the plots. By comparing
corresponding plots between converters and non-con-
verters, it becomes clearer how the above findings of
heterogeneity in conversion outcomes by cognitive pro-
file arose.
For Figures 2, 3, 4, which correspond to the episodic

memory levels, note that relative to level 2, level 1 does
not see the same amount of decline over 24 months for
converters, as reflected by a shift to lower probability
values. Hence, the discrepancy between the histograms
in Figures 2a versus 2b over time between converters
and non-converters is not very strong. On the other
hand, in Figures 3a and 3b, it is clear that for conver-
ters, there is quite a bit of decline in level 2 values dur-
ing this time period, while non-converters appear stable.
This makes level 2 attractive for discrimination and pre-
diction over this duration. In Figures 4a and 4b, note
that level 3 functioning is low among almost all conver-
ters preceding conversion. However, lower functioning
for this more difficult level also is common for non-con-
verters, lessening the discriminatory properties of level
3. Still, there is a sizeable proportion of non-converters
retaining high probability values for level 3, which
allows for cognitively-based identification of a very low-
risk group.

Table 5 Relationship between episodic memory level 2 and perceptual motor speed functioning and conversion to AD
over a two-year period by APOE4 allele status
Converted to

AD
Low episodic memory function and no

APOE4 allelea
Low episodic memory function and at least one

APOE4 alleleb

Low perceptual motor
speed function

Not low perceptual
motor speed function

Total Low perceptual motor
speed function

Not low perceptual
motor speed Function

Total

Yes 63.6% (7) 54.5% (6) 59.1% (13) 84.2% (16) 37.8% 17) 61.2% (18)

No 36.4% (4) 45.5% (5) 40.9% (9) 15.8% (3) 62.2% (28) 38.8% (10)

Total 100% (11) 100% (11) 100% (22) 100% (19) 100% (13) 100% (28)

Results are presented as the percent (number) of patients.aFisher’s exact test two-sided P-value = 1.00 for a test of no association. bFisher’s exact test two-sided
P-value = 0.013 for a test of no association. AD, Alzheimer’s disease; APOE, Apolipoprotein.

Tatsuoka et al. Alzheimer’s Research & Therapy 2013, 5:14
http://alzres.com/content/5/2/14
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amnestic MCI to dementia, while 28 (59.6%) showed conversion from multidomain MCI to 
dementia. Several of the MCI patients also improved their performance, and 151 (50.0%) 
were characterized as normal after 2 years, compared with 140 (46.4%) at baseline. Among 
those who improved, 7 (36.8%) of the dysexecutive MCI group and 32 (33.3%) of the amnestic 
MCI group were classified as noMCI at follow-up. It is also of interest that 12 (25.5%) of the 
patients with multidomain MCI at baseline improved their cognitive function and were char-
acterized as either noMCI, dysexecutive MCI or amnestic MCI after 2 years.

  Discussion 

 The present study found that executive or amnestic deficits, either in pure form or in 
combination, occur frequently in a relatively young clinical population referred for cognitive 
complaints. Only 2 of the patients with single-domain dysexecutive MCI converted to dementia 
during the study period. However, dysexecutive symptoms increased the risk of dementia in 
a multidomain context, suggesting that dysexecutive symptoms in combination with amnestic 
symptoms are a clear risk factor for dementia in young MCI patients. Pure amnestic impairment 
was also significantly associated with development of dementia, but to a lesser degree than 
multidomain impairment. Additionally, while several of the patients progressed from mild to 
more severe forms of MCI, it is important to note that within the pure dysexecutive and 
amnestic categories, 36.8 and 33.3%, respectively, improved cognitively from baseline to 
follow-up.

  The findings are based on a selected group of patients recruited at two university memory 
clinics and diagnosed with subjective cognitive impairment or MCI based on GDS scores of 2 
and 3  [3, 38, 39] . The mean age of the participants was 62.7 years at baseline testing, which 

Univariate analysis  Multivariate analysis
OR p  OR 95% CI p

Multidomain MCI
Amnestic MCI
Executive MCI
No MCI

8.76
1.75
0.42
0.11

0.001
0.053
0.247
0.001

22.25
5.91

9.37 – 52.87
2.71 – 12.88

0.001
0.001

 Table 4. Development of MCI subtypes over 2 years

Baseline Follow-up after 2 years
noMCI eMCI aMCI mMCI dementia/GDS 4

noMCI 140 (46.4) 110 (78.6) 6 (4.2) 15 (10.7) 3 (2.1) 6 (4.3)
eMCI 19 (6.3) 7 (36.8) 7 (36.8) 1 (5.3) 2 (10.5) 2 (10.5)
aMCI 96 (31.8) 32 (33.3) 1 (1.0) 30 (31.6) 5 (5.2) 28 (29.2)
mMCI 47 (15.6) 2 (4.3) 4 (8.5) 6 (12.8) 7 (14.9) 28 (59.6)
Total 302 (100) 151 (50.0) 18 (5.9) 52 (17.2) 17 (5.6) 64 (21.2)

Values denote numbers with percentages in parentheses. eMCI = Dysexecutive MCI; aMCI = amnestic MCI; 
mMCI = multidomain MCI.

 Table 3. MCI subtypes as 
predictors of dementia (GDS ≥4; 
n = 302)

Hessen
et al,  2014
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Frequency	in	the	population(%)	(Karch et	al	2015)

Most	important	pathways

MCI	amyloid-pathology,	Flutemetamol-PET

CSF	Ab42	fully	changed	5-10	years	before	MCI	to	
Alzheimer’s	dementia

(Buchhave et	al.,	2012)

RESULTS

FOLLOW-UP DIAGNOSES
AND BASELINE BIOMARKER LEVELS

The total follow-up of the cohort of 137 patients with MCI
at baseline and successful lumbar puncture and their di-
agnostic outcomes from the first13 and the present (ex-
tended) follow-ups are given in Figure 1. During follow-
up, 41 patients remained cognitively stable after median
follow-up of 9.2 years (range, 4.1-11.8 years), and 72 pa-
tients with MCI developed AD dementia and 21 devel-
oped other types of dementia, including VaD (n=14), de-
mentia with Lewy bodies (n=3), frontotemporal dementia
(n=1), semantic dementia (n=2), and traumatic brain in-
jury dementia (n=1).

The baseline levels of the biomarkers in the diag-
nostic groups are listed in Table 1. The frequency of
APOE ε4 carriers was higher in patients with MCI who
subsequently developed AD than in controls and in
patients with cognitively stable MCI (P! .01) (Table 1).
Patients with MCI who later developed AD had higher
baseline levels of T-tau and P-tau and lower levels of
A"42 than did controls (P! .001), patients with cog-
nitively stable MCI (P! .001), and patients with MCI
who developed non-AD dementias (P ! .002)
(Table 1).

In the control group and in patients with MCI who
progressed to AD during follow-up, no associations were
found between biomarker levels and MMSE scores at base-
line, sex, and age. The levels of A"42, T-tau, and P-tau
did not differ significantly between carriers and noncar-
riers of APOE ε4 in any of the diagnostic subgroups (eFig-
ure 1; http://www.archgenpsychiatry.com). When we ana-
lyzed the carriers and noncarriers of APOE ε4 separately,
the levels of A"42, T-tau, and P-tau still differed signifi-
cantly between patients with MCI who progressed to AD
during follow-up and controls (P# .005) and patients with
cognitively stable MCI (P! .01).

BIOMARKER LEVELS IN EARLY
AND LATE CONVERTERS TO AD

The baseline levels of A"42 were equally reduced in pa-
tients with MCI who developed AD within 5 years of base-
line (early converters) and those who developed AD be-
tween 5 and 10 years (late converters) (333 ng/L vs 359
ng/L, P$ .86), showing that patients who developed AD
up to 10 years after the CSF tap had fully decreased lev-
els of A"42 already at baseline (Figure 2A and eTable
1). On the contrary, T-tau levels were significantly higher
at baseline in early converters vs late converters (786 ng/L
vs 495 ng/L, P=.02) (Figure 2B). Similarly, P-tau levels
were significantly higher at baseline in early converters
vs late converters (92.6 ng/L vs 69.2 ng/L, P= .009)
(Figure 2C). When performing multivariate regression
models, we found that CSF A"42, T-tau, and P-tau were
associated with conversion to AD within the first 5 years
of baseline (P! .001). However, only A"42 was associ-
ated with conversion to AD in the population observed
for 5 to 10 years (P=.02).

There were no significant differences between early
and late converters regarding age, MMSE score at base-
line, sex, and the presence of APOE ε4 alleles (P$ .05).
The lack of difference in MMSE scores between early and
late converters might be explained by the fact that the
MMSE is not a very sensitive test for early cognitive defi-
cits in AD.
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Figure 2. Mean baseline levels of cerebrospinal fluid "-amyloid 1-42 (A"42)
(A), phosphorylated tau (P-tau) (B), and total tau (T-tau) (C) stratified into
patients with mild cognitive impairment (MCI) who developed Alzheimer
disease (AD) dementia within 0 to 2.5 years (n=28; median Mini-Mental
State Examination [MMSE] score=26.5), 2.5 to 5 years (n=32; median
MMSE score=27), and 5 to 10 years (n=12; median MMSE score=27).
Biomarker levels in the cognitively healthy control group are also given.
Levels of A"42 did not differ among any of the MCI-AD groups with different
intervals to AD dementia. Levels of T-tau and P-tau were significantly lower
in late converters (5-10 years) compared with very early converters (0-2.5
years) (P! .05); however, no significant differences were found between
very early converters (0-2.5 years) and the intermediate group (2.5-5.0
years). Error bars represent the SEM.
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Sensitivity 95%
Specificity 83%

Hansson et al, 2006

Ab42	>	550	pmol/l
p-tau<			85	pmol/l
t-Tau	age	dep.

MCI - CSF biomarkers predicts conversion to 
Alzheimer’s dementia

Small vessel disease / white matter lesions

Debette et al., 
BMJ 2010 
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(stratified according to CSF Aβ42 levels into amyloid-positive
MCI and all-cause MCI) to answer the following research
questions (RQ):
RQ 1: Are there differences in HCS size between the three

groups?
RQ 2: Is WMH load related to HCS atrophy?
RQ 3: Are the CSF biomarkers (Aβ42, T-tau, and P-tau) related to

HCS size?
RQ 4: Are measures of neuropsychological function related to

WMH load and total hippocampal volume?

MATERIALS AND METHODS
Eligibility Criteria, Measures of Cognitive Impairment, and Ethical
Conduct
Patients with MCI were recruited from a university-hospital based memory
clinic. Spouses of participating patients were potentially eligible as controls
provided clinically established normality with regard to memory,
emotionality, and tempo. The inclusion procedure adheres to the Petersen
criteria and is extensively documented elsewhere.18

Stroke patients were recruited from a university-hospital based stroke
unit. Inclusion criteria for these patients were cortical and lacunar ischemic
infarctions, between 40 and 79 years of age, and mini-mental state
examination19 (MMSE) score ⩾ 23, no severe problems of language, and
visual/auditory neglect. Exclusion criteria were a history of somatic or
psychiatric disorder including depression. Only patients who agreed to
undergo CSF sampling were included. Thirty-seven poststroke subjects
fulfilled these criteria, but ten were excluded due to pathologic CSF Aβ42
(see Cerebrospinal Fluid Biomarkers). MCI is a heterogeneous condition, and
subtypes exhibit differing patterns of atrophy.20 This underlines the
importance of excluding subjects with non-AD MCI. Thirty MCI subjects
with normal CSF Aβ42 were therefore introduced only in RQ 3 (Are the CSF
biomarkers related to HCS size?), as explained under Statistical analyses RQ3
(Supplementary Tables 2 and 3).
To obtain CSF from controls, a secondary control group was recruited

before lumbar puncture in conjunction with orthopedic surgery. Thirty-four
of these subjects assented and successfully underwent magnetic
resonance imaging (MRI) (on a different scanner). Normality with regard
to memory, emotionality, and tempo (as with the primary control group)
was established in a subsequent clinical interview. Three subjects were
excluded due to pathologic CSF Aβ42, and five subjects were excluded due
to cognitive complaints, leaving twenty-six subjects for the secondary
control group.
The patient populations and the primary control group were directly

comparable, but CSF was not available for the primary control group
(Supplementary Tables 1 and 2).
All subjects gave their written consent, and the Regional Committee for

Medical and Health Research Ethic South-East evaluated (based on the
Norwegian Health and Research Act and the Helsinki Declaration of 1964;
revised 2013) and approved the study. All further study conduct was based
on and in line with these guidelines.

Magnetic Resonance Imaging
For the primary control group, the MCI and stroke groups, MRI scans were
obtained from a Siemens Espree 1.5 T system (Siemens Medical Solutions,

Erlangen, Germany), one MPRAGE 3D sequence was acquired (repetition
time/echo time/inversion time (TI)/flip angle (FA) = 2,400/3.65/1,000/8°,
matrix = 240× 192), 160 sagittal slices, thickness = 1.2 mm, in-plane
resolution of 1 mm× 1.2 mm. The protocol also included 2D axial FLAIR
(fluid-attenuated inversion recovery) images with the following para-
meters: repetition time/echo time/inversion time (TI) = 13,420/121/2,500,
36 slices, spaced at 3.0 mm and 3.9 mm thick.
For the secondary control group, MRI scans were acquired on a Philips

Achieva 3 T system (Philips Medical Systems, Best, The Netherlands). At 3 T,
a single 3D turbo field echo sequence was acquired for morphometric
analysis with the following sequence parameters: repetition time/echo
time/inversion time (TI)/flip angle (FA) = 4.5 ms/2.2 ms/853 ms/8°, matrix =
256× 213, 170 slices, thickness = 1.2 mm, in-plane resolution of 1
mm× 1.2 mm.
Magnetic resonance imaging was performed consecutively after

inclusion in the control and MCI groups, and 3 months after stroke. Stroke
location, type, and size were determined (Supplementary Table 3).

Magnetic Resonance Imaging Segmentations and Analyses
Cortical reconstruction and volumetric segmentation were performed with
the FreeSurfer image analysis suite version 5.3.0 (http://surfer.nmr.mgh.
harvard.edu/). This includes segmentation of the subcortical white-matter
and deep gray-matter volumetric structures21 and parcellation of the
cortical surface. This labels cortical sulci and gyri, and thickness values are
calculated in the regions of interest. Further, an automated procedure for
subsegmentation of the hippocampus, as implemented in FreeSurfer, was
employed.22 The thickness values of the ERC and the PRC were calculated
using methods based on ultra-high resolution ex vivo applied to in vivo
MRI, as implemented in FreeSurfer.13,23

The WMH load was estimated by a recently developed in-house object-
based supervised machine learning algorithm for automated segmenta-
tion and quantification of WMHs based on FLAIR image intensity and
masks of tissue types.24 This provides an automated quantitative
assessment of WMH load (Figure 1). All segmentations were manually
inspected for accuracy; areas radiologically considered to represent acute
stroke were manually masked and excluded from the analyses.

Cerebrospinal Fluid Biomarkers
Cerebrospinal fluid samples were collected from all patients by lumbar
puncture through the L3/L4 or L4/L5 intervertebral space. The lumbar
puncture was performed between 0900 and 1200 hours, and consecutively
after inclusion in the MCI group, 7 to 10 days after stroke or on the day of
inclusion for the secondary control group. Cerebrospinal fluid Aβ42, T-tau,
and P-tau were routinely examined. The CSF T-tau level was considered as
abnormal if T-tau ⩾ 300 ng/L for patients under 50 years, 4450 ng/L for
patients from 50 to 69 years, and ⩾ 500 ng/L for patients from 70 years and
above. Cerebrospinal fluid P-tau was considered as pathologic if ⩾ 80 ng/L,
and CSF Aβ42 was considered as pathologic if o700 ng/L.

Neuropsychological Assessment
Neuropsychological examination was performed 3 months after stroke or
within 3 months of MRI and CSF sampling in the MCI and control groups. In
addition to the general screening test MMSE, tests of memory, processing
speed, and executive functions have been administered. The memory tests

Figure 1. (A) An example of the hippocampal segmentation in one of the included control subjects. The presubiculum is shown in yellow, the
subiculum in green, CA1 in red, and CA2/3 in blue. CA, cornu ammonis. (B) An example of the in-house white-matter hyperintensity (WMH)
automated quantitative assessment of WMH load in one of the (high WMH load) stroke subjects.
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RQ 1: Are there differences in HCS size between the three

groups?
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RQ 3: Are the CSF biomarkers (Aβ42, T-tau, and P-tau) related to

HCS size?
RQ 4: Are measures of neuropsychological function related to

WMH load and total hippocampal volume?
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To obtain CSF from controls, a secondary control group was recruited

before lumbar puncture in conjunction with orthopedic surgery. Thirty-four
of these subjects assented and successfully underwent magnetic
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to memory, emotionality, and tempo (as with the primary control group)
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excluded due to pathologic CSF Aβ42, and five subjects were excluded due
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control group.
The patient populations and the primary control group were directly
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Magnetic Resonance Imaging Segmentations and Analyses
Cortical reconstruction and volumetric segmentation were performed with
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harvard.edu/). This includes segmentation of the subcortical white-matter
and deep gray-matter volumetric structures21 and parcellation of the
cortical surface. This labels cortical sulci and gyri, and thickness values are
calculated in the regions of interest. Further, an automated procedure for
subsegmentation of the hippocampus, as implemented in FreeSurfer, was
employed.22 The thickness values of the ERC and the PRC were calculated
using methods based on ultra-high resolution ex vivo applied to in vivo
MRI, as implemented in FreeSurfer.13,23

The WMH load was estimated by a recently developed in-house object-
based supervised machine learning algorithm for automated segmenta-
tion and quantification of WMHs based on FLAIR image intensity and
masks of tissue types.24 This provides an automated quantitative
assessment of WMH load (Figure 1). All segmentations were manually
inspected for accuracy; areas radiologically considered to represent acute
stroke were manually masked and excluded from the analyses.
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Cerebrospinal fluid samples were collected from all patients by lumbar
puncture through the L3/L4 or L4/L5 intervertebral space. The lumbar
puncture was performed between 0900 and 1200 hours, and consecutively
after inclusion in the MCI group, 7 to 10 days after stroke or on the day of
inclusion for the secondary control group. Cerebrospinal fluid Aβ42, T-tau,
and P-tau were routinely examined. The CSF T-tau level was considered as
abnormal if T-tau ⩾ 300 ng/L for patients under 50 years, 4450 ng/L for
patients from 50 to 69 years, and ⩾ 500 ng/L for patients from 70 years and
above. Cerebrospinal fluid P-tau was considered as pathologic if ⩾ 80 ng/L,
and CSF Aβ42 was considered as pathologic if o700 ng/L.

Neuropsychological Assessment
Neuropsychological examination was performed 3 months after stroke or
within 3 months of MRI and CSF sampling in the MCI and control groups. In
addition to the general screening test MMSE, tests of memory, processing
speed, and executive functions have been administered. The memory tests

Figure 1. (A) An example of the hippocampal segmentation in one of the included control subjects. The presubiculum is shown in yellow, the
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Hippocampal complex atrophy in poststroke and mild
cognitive impairment
Per Selnes1,2, Ramune Grambaite1, Mariano Rincon3, Atle Bjørnerud4, Leif Gjerstad5, Erik Hessen1,6, Eirik Auning2,7, Krisztina Johansen1,
Ina S Almdahl1,2, Paulina Due-Tønnessen8, Kjetil Vegge9, Börje Bjelke1,2 and Tormod Fladby1,2

To investigate putative interacting or distinct pathways for hippocampal complex substructure (HCS) atrophy and cognitive
affection in early-stage Alzheimer’s disease (AD) and cerebrovascular disease (CVD), we recruited healthy controls, patients with
mild cognitive impairment (MCI) and poststroke patients. HCSs were segmented, and quantitative white-matter hyperintensity
(WMH) load and cerebrospinal fluid (CSF) amyloid-β concentrations were determined. The WMH load was higher poststroke. All
examined HCSs were smaller in amyloid-positive MCI than in controls, and the subicular regions were smaller poststroke. Memory
was reduced in amyloid-positive MCI, and psychomotor speed and executive function were reduced in poststroke and amyloid-
positive MCI. Size of several HCS correlated with WMH load poststroke and with CSF amyloid-β concentrations in MCI. In poststroke
and amyloid-positive MCI, neuropsychological function correlated with WMH load and hippocampal volume. There are similar
patterns of HCS atrophy in CVD and early-stage AD, but different HCS associations with WMH and CSF biomarkers. WMHs add to
hippocampal atrophy and the archetypal AD deficit delayed recall. In line with mounting evidence of a mechanistic link between
primary AD pathology and CVD, these additive effects suggest interacting pathologic processes.

Journal of Cerebral Blood Flow & Metabolism advance online publication, 3 June 2015; doi:10.1038/jcbfm.2015.110

Keywords: Alzheimer’s; atherosclerosis; MRI; vascular cognitive impairment; white-matter disease

INTRODUCTION
Traditionally, cerebrovascular disease (CVD) has been an exclusion
criterion for Alzheimer’s disease (AD), but today there is strong
evidence for a connection between AD and CVD,1 and there are
indications of a direct mechanistic and reciprocal link between
cerebral vascular dysfunction and AD-linked neurodegeneration.
Cerebral microvasculature in AD is consistently shown distorted
with endothelial atrophy and pericyte degeneration,2 and similar
capillary affection is shown in most conditions predisposing to
stroke.3 The presence of large-vessel cerebral atherosclerosis is
associated with amyloid plaques postmortem,4 and the neuro-
vascular unit and blood–brain barrier are disrupted in both CVD
and AD, leading in turn to neurochemical imbalance.5

White-matter hyperintensities (WMHs) are characterized by
demyelination and axonal rarefaction, and are used as surrogate
markers of small vessel CVD.6 Though associated with lower levels
of cerebrospinal fluid (CSF) amyloid β 1-42 (Aβ42) (and other
amyloid precursor protein metabolites),7 hypoxia is known to
upregulate β-secretase activity and is associated with amyloid
deposition and neuritic plaque formation.8 Hippocampal atrophy
in CVD is well described in patients with and without evidence of
amyloid plaques,9 and up to 50% of poststroke patients will
develop dementia.10

The hippocampus consists of several histologically heteroge-
neous subregions: the cornu ammonis (CA) comprising sectors 1
to 4 and the dentate gyrus (DG). AD typically involves atrophy of

the hippocampal complex (the hippocampus and interconnected
subhippocampal entorhinal (ERC) and perirhinal (PRC) cortices),
and recent reports suggest selective and consecutive vulnerability
of pertinent hippocampal complex substructures (HCSs) and
cerebral cognitive networks.11 Substantial atrophy of ERC layer II
is seen in very mild AD,12 and ensuing degeneration of the per-
forant pathway (originating in this layer and a major hippocampal
input for memory processing) is important in hippocampal
neocortical deafferentation.13 ERC atrophy is also a predictor of
deterioration from mild cognitive impairment (MCI, a hetero-
geneous clinical condition associated with an increased risk of
dementia14) to Alzheimer’s dementia,15 but whether neurons
within the HCS are similarly affected in CVD and early-stage AD
remains an open question.
Early-stage neurofibrillary pathology is seen in the medial

temporal lobe, first affecting the PRC, then the ERC,16 before
moving on to the hippocampus (first appearing in CA1). Both CSF
total microtubule-associated protein tau (T-tau) and phosphory-
lated microtubule-associated protein tau (P-tau) are established
biomarkers of AD neurofibrillary pathology, but T-tau is an
unspecific marker of neurite damage (and increased in both AD
and poststroke), whereas increased P-tau is considered AD
specific.17

To reveal putative interacting or distinct pathways for HCS
atrophy and cognitive affection in predementia AD and CVD, we
included healthy controls, poststroke cases, and patients with MCI
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Measuring	subcortical	metabolism	
with	FDG-PET

Measuring	WMH	and	subcortical	
metabolism	with	FDG-PET:	Enhanced	

ischemia	in	AD	(Kalheim et	al,	subm.	2016)
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Pre-clinical	and	pre-dementia	tract	affection	(Selnes et	al	2011,	A&D)

PET-MRI	co-registration:	Activated	microglia

Healthy control Patient with Alzheimer’s disease

Binding potential
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By altering concentrations of intracellular ROS, 
NADPH oxidase is also reported to prime the 
microglial response to additional stimuli. For exam-
ple, the HIV-1 negative factor (Nef) protein primes 
the microglial NADPH oxidase response to additional 
toxins216. Neuronal death119 and toxins such as roten-
one118 are also shown to prime microglia, and result 
in synergistic microglial activation and associated 
neurotoxicity on additional insult with LPS. Therefore, 
NADPH oxidase and intracellular ROS are crucial to the 
regulation of microglial activation.

Together, NADPH oxidase and microglia-derived 
ROS could be essential contributors to the oxidative 
stress and inflammation associated with neurodegenera-
tive diseases. Because of the essential role of ROS in the 
mechanisms by which microglia cause neuronal damage, 
NADPH oxidase could be an ideal therapeutic target 
for the stages of neurodegenerative disease in which 
microglia are actively contributing to neuronal loss.

Implications for diagnosis and therapy
In vivo imaging of microglial activation. In vivo imag-
ing has made feasible the prospect of monitoring cellular 
events associated with neurodegenerative disease in a 
non-invasive manner217. Positron emission tomography 
(PET) imaging reveals microglial activation in patients 
with neurodegenerative diseases and in animal models 
by using a specific radioligand of the peripheral benzodi-
azepine receptor ([11C]-PK11195), which is upregulated 
in activated microglia. Disease specific localization of 
microglial activation can therefore be detected with 
PET imaging. For example, in patients with Alzheimer’s 
disease, an increase in microglial activation in entorhi-
nal, temporoparietal and cingulate cortices was found 

with PET imaging 
42 (FIG. 4). In patients with Parkinson’s 

disease, microglial activation imaged by PET was 
increased in the pons, basal ganglia and cortical regions 
(frontal and temporal)218. In early stage Parkinson’s 
disease, PET showed an increase of microglial activa-
tion, where the level of activation was inversely cor-
related with density of DA terminals (measured with 
a dopamine transport marker) and was positively cor-
related with motor impairment219. In progressive supra-
nuclear palsy and multiple system atrophy (both forms 
of Parkinsonism), augmented microglial activation was 
detected by PET in the areas of cortex and basal ganglia 
where neuropathological changes occur218,220. In a rat 
model of Parkinson’s disease induced by striatal injec-
tion of 6-hydroxydopamine, PET showed an increase of 
microglial activation both in the striatum and substantia 
nigra221. At 4 weeks post injection, this activation was 
confirmed by post-mortem immunohistochemistry. The 
ligand used in the above studies (PK11195) is a marker 
for the transition of microglia from a resting to an 
activated state. Importantly, PET imaging of microglial 
activation in patients has the potential to measure the 
stage of disease progression. For example, PET imaging 
shows a correlation between microglial activation and 
disease severity in patients with Huntington’s disease222. 
However, much work is needed to identify additional 
markers to specifically detect the microglial conver-
sion into the deleterious phenotype, as this will greatly 
enhance the utility of in vivo imaging for early detection 
of inflammation-mediated neurodegenerative diseases.

Microglia and treatment of neurodegenerative disease. 
Recent evidence demonstrating the beneficial and neuro-
protective profile of microglia indicates that whereas acute 
microglial overactivation is deleterious, microglia might 
also be involved in maintenance, repair and possibly pro-
tection. Therefore, the ideal therapeutic approach would 
involve early attenuation of the microglial response to 
levels that are no longer deleterious, rather than the elimi-
nation of the microglial response altogether (FIG. 5). As dis-
cussed here, several lines of evidence show that microglial 
function is regulated by NADPH oxidase and the produc-
tion of intracellular ROS. Additionally, the production 
of neurotoxic extracellular ROS is also shown to occur 
primarily through NADPH oxidase, for multiple, distinct 
stimuli116, making this enzyme complex an ideal thera-
peutic target. Recently, several peptides, antibiotics and 
small molecules have been identified that inhibit NADPH 
oxidase and are neuroprotective123,206,223. Combined with 
early diagnosis through PET-based microglial imaging, 
this approach might provide hope for attenuation of the 
progression of neurodegenerative disease.

Whereas animal studies show the neuroprotective 
effects of anti-inflammatory therapy, human studies inves-
tigating the neuroprotective effects of anti-inflammatory 
drugs have shown mixed results. For example, clinical 
trials treating patients with Alzheimer’s disease with non-
steroidal anti-inflammatory drugs (NSAIDs) have largely 
failed224. However, the use of NSAIDs is associa ted with a 
decreased risk of Parkinson’s disease225,226, indicating that 
NSAIDs might be neuroprotective in neurodegenerative 

Figure 4 | PET imaging of microglia in neurodegeneration. Positron emission 
tomography (PET) images depicting microglial activation in the brains of a healthy 
control (74 years old) and a patient with Alzheimer’s disease (65 years old, disease 
duration of 5 years). The uptake of the [11C]-PK11195 ligand to the peripheral 
benzodiazepine receptor, which is overexpressed in activated microglia, is shown 
according to colour scale. In the cortex of the healthy individual there is no significant 
binding, although low level binding is present in the pons and midbrain. Widespread 
binding is evident in the cortex of the patient with Alzheimer’s disease, with the highest 
values bilaterally in the temporal lobe. Image courtesy of D. J. Brooks, Medical Research 
Council Clinical Sciences Centre, London, UK.
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Core	clinical	criteria	for	the	diagnosis	of	MCI	

1. Concern	regarding	a	change	in	cognition—
This	concern	can	be	obtained	from	the	patient,	from	an	informant	who	knows	the	patient	well,	or	from	
a	skilled	clinician	observing	the	patient.

2.	 Impairment	in	one	or	more	cognitive	domains—
There	should	be	evidence	of	lower	performance	than	expected	in	one	or	more	cognitive	domains,	
including	memory,	executive	function,	attention,	language,	and	visuospatial	skills.	

3.	 Preservation	of	independence	in	functional	abilities—
Mild	problems	performing	complex	functional	tasks	which	they	used	to	perform	previously,	such	as	
paying	bills,	preparing	a	meal,	or	shopping	may	be	seen.	They	may	take	more	time,	be	less	efficient,	and	
make	more	errors	at	performing	such	activities	than	in	the	past.	Nevertheless,	they	generally	maintain	
their	independence	of	function	in	daily	life,	with	minimal	aids	or	assistance.	

4.	 Not	demented—
These	cognitive	changes	should	be	sufficiently	mild	that	there	is	no	evidence	of	a	significant	impairment	
in	social	or	occupational	functioning.	
MCI	requires	evidence	of	intraindividual change.

MCI-AD:	Criteria	incorporating	biomarkers	

• MCI	due	to	AD—High	likelihood	
A	positive	Aβ	biomarker	and	a	positive	biomarker	of	
neuronal	injury.	

• MCI	due	to	AD—Intermediate	likelihood	
A	positive	Aβ	biomarker	in	a	situation	in	which	neuronal	
injury	biomarkers	have	not	been	or	cannot	be	tested.	
Or	
A	positive	biomarker	of	neuronal	injury	in	a	situation	in	
which	Aβ	biomarkers	have	not	been	or	cannot	be	tested.	

Solanuzemab,	“delayed	start”

Results from the by-study analyses (that is, separate
analyses for EXPEDITION 1 EXPEDITION-EXT and
EXPEDITION2 1 EXPEDITION-EXT) showed similar
patterns in the outcomes between the two studies
(Supplementary Fig. 3).

3.2. Safety

A total of 1322 mild AD patients enrolled in the
EXPEDITION program, representing 3414.4 person-years
of follow-up, with 79.9% of delayed-start and 77.5% of
early-start patients having at least 18 months’ of follow-up.
Deaths, serious AEs, discontinuations due to an AE, and the
incidence of increases in ARIA-H were evenly distributed
across treatment regimen groups (Table 3). In addition, the
severity of changes in ARIA-H (as represented by categorical
increases in number) was evenly distributed across groups
(Supplementary Fig. 4). Eight patients in the delayed-start
group and 11 patients in the early-start group experienced
ARIA-E; however, ARIA-E was not related to symptoms in

any patient (see a summary table of the ARIA-E cases in
Supplementary Table 1). Overall, cardiac disorders, as well
as cardiac ischemic-related and cardiac arrhythmia–related
events, were observed in similar proportions across groups
(Table 3). Among the other safety topics of interest (suicidal
ideation or behavior, infusion-related reactions, and hemor-
rhagic stroke), incidence did not differ significantly across
treatment regimen groups (Supplementary Table 2).

Additional AEs are presented in Supplementary Table 2.

4. Discussion

We have proposed a novel statistical methodology for
delayed-start designs to provide evidence supporting a
disease-modifying effect of an investigational treatment
and have applied this methodology to the mild AD subgroup
of patients from the EXPEDITION program. This is the first
delayed-start analysis method that has been implemented
and reported in the field of AD. Using this method, the re-
sults suggest that the possible drug effect demonstrated by

Fig. 4. Differences in least squares means between delayed-start and early-start treatment groups and 95% confidence intervals for ADAS-Cog14, ADCS-iADL,
CDR-SB, and MMSE among patients with mild AD in the solanezumab EXPEDITION program through 3.5 years. Shading represents the placebo-controlled
period. Abbreviations: ADAS-Cog14, 14-item Alzheimer’s Disease Assessment Scale-Cognitive subscale; ADCS-iADL, Alzheimer’s Disease Cooperative
Study Activities of Daily Living inventory, instrumental items; CDR-SB, Clinical Dementia Rating Scale-Sum of Boxes; MMSE, Mini-Mental Status Exam-
ination; AD, Alzheimer’s disease.

H. Liu-Seifert et al. / Alzheimer’s & Dementia: Translational Research & Clinical Interventions 1 (2015) 111-121118
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Pre-dementia,	mild	cognitive	impairment,	
pushing	early	diagnosis
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MCI due to Alzheimer’s disease

• We	have	a	fair	understanding	of	brain	pathology	at	this	stage
• We	have	biomarkers	and	cognitive	markers	that	define	MCI	

AD,	and	predict	progression	to	AD	dementia
• The	cognitive	markers	are	tightly	linked	to	affection	of	medial	

temporal	lobe	structures,	and	(often)	WMH
• Treatment	may	ameliorate	disease	progression	from	late	MCI	

to	AD	dementia
• Genetics,	phenotypic	and	cognitive	markers	may	combine	to	

establish	even	earlier	diagnostics,	as	a	basis	for	intervention	
prior	to	irrversible loss	of	brain	tissue.



9/14/16

10

Project group

Ahus:
Marianne Wettergreen
Berglind Gìsladòttir
Ramune Grambaite
Per Selnes
Erna Utnes
Elisabeth Kjærnet
Anne Løvli Stav
Lisa Kalheim
Lene Pålhagen
Carl Eliassen
Erik Hessen

OUS/UiO:
Lars Nilsson
Atle Bjørnerud
Reidun Torp

28

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

"!

1. Relevance relative to the call for proposals 

This project connects to and extends several existing scientific projects, networks and initiatives, but has  
four main tiers: 1) “Biomarkers for Alzheimer’s disease and Parkinson’s disease (BIOMARKAPD)” which 

is an EU Network application originating from 21 countries to the Joint Program for Neurodegenerative 
Disease focusing on neuro-chemical methods and PET amyloid imaging in Alzheimer (AD) and Parkinson 

(PD). 2) "Mild Cognitive Impairment-Gothenburg Oslo" project (MCI-GO) and Karolinska-Ahus 

cooperation (KIA) which are highly productive and focus on clinical, advanced MRI and neurochemical 

predictors for cognitive impairment. 3) "A multi-site study of automated brain imaging diagnostic tools for 

brain disorders" (NORNI) which is a nationwide project focusing on standardization of MRI imaging 

protocols and post-processing. 4) Existing patient and control cohorts from Dem Vest (Helse Vest), 
Trønderbrain (Helse-Midt) and MCI-og (Helse Sør-Øst) and a new starting up as part of DDI (Helse Nord). 

While these individual projects (1-4) are highly productive, technically advanced and usefull though 
presently under-financed, trans-national coordination, technology transfer and expansion to include AD and 

PD/diffuse Lewy Body Disease (DLB) as well as all stages from disease initiation to dementia will boost 

scientific benefit and productivity to a breakthrough science level. 

The tier 1) project was filed to the JPND, and the initiative will be financed by the respective national 

research councils. However, the Norwegian funding for this important initiative is by far the lowest among 

the European partners (at 0.2 mill Euro over 3 years, on par with Portugal, but 50% below Slovenia as the 
next lowest), and inadequate for the ambitious agenda. The present project would help fill this gap and 

fullfill Norwegian national obligations. 

DDI is needs-driven; due to an aging population, the number of people with Alzheimer’s disease (AD) and 

related age-related brain disorders such as PD and DLB will dramatically increase unless preventive 
treatments are developed. The current estimates of number of people with dementia (70 000 in Norway and 

34 million world-wide) are expected to increase dramatically during the next decades, with major financial 

burdens (17 billion NOK in Norway and 422 billion USD worldwide) and human suffering. Disability and 

expenses increase mainly at the stage of dementia (Zhu 2008; PMID:18946219). The need for research on 

age-related brain disorders in Norway has been called for in several public documents and white papers (eg 

”Demensplan 2015 - Den gode dagen” (delplan til Omsorgsplan 2015). The aim of the current project is to 
explore the underlying mechanisms of early cognitive brain diseases in the elderly. The focus on the earliest 

disease stages is necessary to develop novel mechanism-based treatments with a potential for disease 
prevention. There should be a strong motivation for this exploration, as a 5- year delay in dementia onset is 

estimated to reduce the number of dementia cases with 57% (Sperling 2011;!PMID:21514248). 

DDI covers all health regions, and will distribute research efforts, competence and improved diagnostics in a 

truly nationwide fashion. DDI covers the spectrum of neurodegenerative disease from initiation to dementia. 

This integrative and highly innovative approach is also a necessity, as adequate techniques for 

differentiation between AD and DLB and prognostic markers at early stages are lacking. DDI is highly 
multidisciplinary in its approach, involves collaboration with several internationally acclaimed research 

groups, and capitalizes on novel technologies, partly developed by the collaborators  

2. Aspects relating to the research project 

2.1 Background and status of knowledge. 

2.1.1 Age- associated cognitive disorders.  The number of people with dementia in Norway is expected to 

increase from 65 000 in 2010 to more than 140 000 in 2050 (Hjort & Waaler, Tidsskriftet 2010). AD is the 

most prevalent cognitive brain disorder comprising 50-60% of dementia cases, followed by PD/LBD and 

also vascular cognitive impairment (VCI) both at approx. 10-20%. Common to these disorders are pre-


