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Abstract

Background: We investigated the effect of crenezumab, a humanized anti-amyloid-beta (Aβ) immunoglobulin (Ig)
G4 monoclonal antibody, on biomarkers of amyloid pathology, neurodegeneration, and disease progression in
patients with mild-to-moderate Alzheimer’s disease (AD).

Methods: This double-blind, placebo-controlled, randomized phase II study enrolled patients with mild-to-moderate AD
and a Mini-Mental State Examination (MMSE) score of 18–26. In part 1 of the study, patients were 2:1 randomized to receive
low-dose subcutaneous (SC) 300 mg crenezumab every 2 weeks (q2w) or placebo for 68 weeks; in part 2, patients were 2:1
randomized to receive high-dose intravenous (IV) 15 mg/kg crenezumab every 4 weeks (q4w) or placebo for 68 weeks. The
primary endpoint was change in amyloid burden from baseline to week 69 assessed by florbetapir positron
emission tomography (PET) in the modified intent-to-treat population. Secondary endpoints were change from
baseline to week 69 in cerebrospinal fluid (CSF) biomarkers and fluorodeoxyglucose PET, and change from
baseline to week 73 in 12-point Alzheimer’s Disease Assessment Scale cognitive subscale (ADAS-Cog12) and
Clinical Dementia Rating Sum of Boxes (CDR-SB). Safety was assessed in patients who received at least one
dose of study treatment.
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Results: From August 2011 to September 2012, 91 patients were enrolled and randomized (low-dose SC cohort:
crenezumab (n = 26) or placebo (n = 13); high-dose IV cohort: crenezumab (n= 36) or placebo (n = 16)). The primary
endpoint was not met using a prespecified cerebellar reference region to calculate standard uptake value ratios (SUVRs)
from florbetapir PET. Exploratory analyses using subcortical white matter reference regions showed nonsignificant trends
toward slower accumulation of plaque amyloid in the high-dose IV cohort. In both cohorts, a significant mean increase
from baseline in CSF Aβ(1–42) levels versus placebo was observed. Nonsignificant trends toward ADAS-Cog12 and CDR-
SB benefits were identified in a mild (MMSE 20–26) subset of the high-dose IV cohort. No amyloid-related imaging
abnormalities due to edema/effusion were observed.

Conclusion: The primary endpoint was not met. Exploratory findings suggest potential Aβ target engagement with
crenezumab and possible slower accumulation of plaque amyloid. Studies investigating the effects of higher doses of
crenezumab on amyloid load and disease progression are ongoing.

Trial registration: ClinicalTrials.gov, NCT01397578. Registered on 18 July 2011.
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Background
The deposition of extracellular insoluble amyloid plaques
composed primarily of amyloid-beta (Aβ) peptides in the
brain is a hallmark pathologic finding in Alzheimer’s disease
(AD). However, it is hypothesized that the soluble oligomeric
species of Aβ are the forms that are toxic to neurons and
that lead to hyperphosphorylation and aggregation of tau [1].
This cascade of pathophysiologic events is thought to result
in synaptic dysfunction, loss of neurons, and neurotransmit-
ter deficits [2, 3]. Anti-amyloid therapies are designed to
modify the course of the disease by targeting this cascade.
Crenezumab is a fully humanized immunoglobulin iso-

type G4 (IgG4) monoclonal antibody that binds with high
affinity to Aβ oligomers while maintaining the ability to
bind to other forms of Aβ (monomers, fibrils, and plaques)
[4, 5]. The IgG4 backbone confers reduced binding of
Fc-gamma receptors (FcγRs) compared with an IgG1 back-
bone, and was shown in vitro to preserve FcγR-mediated
microglial phagocytosis and removal of oligomers while
minimizing FcγR-mediated inflammatory activation of
microglia and release of proinflammatory cytokines [4].
This reduced effector function of crenezumab is hypothe-
sized to reduce cytokine-mediated neurotoxicity and reduce
inflammation at sites of Aβ plaque deposition, particularly
involving blood vessels. The latter was hypothesized to in-
crease the risk of drug-induced amyloid-related imaging ab-
normalities (ARIA) in studies investigating anti-amyloid
antibodies with full effector function [4].
This phase II, multicenter, randomized, double-blind,

placebo-controlled, parallel-group study was designed to
evaluate the effects of crenezumab on brain amyloid plaque
load as assessed by florbetapir positron emission tomography
(PET) and other biomarkers in patients with mild-to-moder-
ate AD (ABE4955g, BLAZE; NCT01397578). The prespeci-
fied analysis of the florbetapir PET data used a cerebellar
reference region for calculating standard uptake value ratios
(SUVRs). Although this was the widely accepted reference

region at the time this study was designed, more recent evi-
dence published near the conclusion of this study showed
that using a subcortical white matter reference region reduces
longitudinal variability of SUVR [6–8]. Based on those find-
ings, additional exploratory analyses of the florbetapir PET
data were conducted using white matter reference regions
that result in reduced variability in tracking longitudinal flor-
betapir SUVR changes. Other fluid and imaging biomarkers
of AD were also evaluated in this study. BLAZE was inde-
pendent from the phase II study, ABE4869g (ABBY;
NCT01343966), which used the same treatment doses and
duration but did not include amyloid PET imaging or
mandatory cerebrospinal fluid (CSF) collection and focused
on changes in cognition and functioning as endpoints [9].

Methods
Study design and participants
This study was conducted at 21 sites in the US, one site
in Spain, and one site in France. The study protocol was
approved by the respective institutional review boards
prior to participant recruitment and was conducted in
accordance with US Food and Drug Administration
regulations, International Council on Harmonization E6
Guideline for Good Clinical Practice, and applicable
local, state, federal, and country laws. Written informed
consent was obtained from all patients prior to perform-
ing study-related procedures in accordance with federal
and institutional guidelines. Patients, site staff, and spon-
sors were blinded to the treatment assignment and
remained blinded, unless unblinding was recommended
by the sponsor’s internal monitoring committee for the
management of patient safety.
Patients were eligible to participate if they were 50–

80 years of age, met the criteria for mild-to-moderate
probable AD according to the National Institute of
Neurologic and Communicative Disorders and Stroke/
Alzheimer’s Disease and Related Disorders Association
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criteria, with Mini-Mental State Examination (MMSE)
score of 18–26 points at the time of screening [10]. Add-
itional inclusion criteria were a Geriatric Depression
Scale (GDS-15) score of < 6, a Clinical Dementia Rating
Sum of Boxes (CDR-SB) score of ≥ 0.5 [11, 12], and an
Alzheimer’s Disease Assessment Scale cognitive subscale
(ADAS-Cog) Delayed Word Recall score of ≥ 5 [13]. Pa-
tients were required to have evidence of elevated amyl-
oid burden consistent with a diagnosis of AD indicating
moderate-to-frequent neuritic plaques (Aβ-positive) as
assessed by a central expert blinded visual reading of the
screening florbetapir PET scan. Treatment with ap-
proved AD drugs such as acetylcholinesterase inhibitors
(AChEIs) or memantine initiated ≥ 3 months and stabi-
lized ≥ 2 months prior to randomization was permitted.

Randomization and dosing
The study was conducted in two parts. In part 1, patients
were randomly assigned 2:1 (crenezumab:placebo) to
300 mg subcutaneous (SC) crenezumab every 2 weeks
(q2w) or placebo (low-dose SC cohort); in part 2, patients
were randomly assigned 2:1 (crenezumab:placebo) to
15 mg/kg intravenous (IV) crenezumab every 4 weeks
(q4w) or placebo (high-dose IV cohort). Part 2 of the study
was initiated upon completion of recruitment for part 1.
Both parts consisted of three periods: 1) a screening
period (up to 42 days); 2) a treatment period (weeks 1–
69); and 3) a safety follow-up period (weeks 70–85). Eli-
gible patients that completed the week-73 assessment had
the option to enroll in the open-label extension (OLE)
study, GN28525, to evaluate the long-term safety and tol-
erability of crenezumab. All patients who enrolled in the
OLE study received active drug at the same dosing fre-
quency, dose level, and route of administration that they
were assigned to in ABE4955g. Randomization was man-
aged by a central IxRS vendor using dynamic hierarchical
randomization, and in both parts of the study patients
were randomized independently and stratified by apolipo-
protein E ε4 (APOEε4) genotype (carrier vs noncarrier),
MMSE score (< 22 vs ≥ 22), and study site. Site personnel
were blinded to randomization details.
An acceptable safety and tolerability profile for crenezu-

mab at the high dose (15 mg/kg q4w IV) was supported
both by a phase I study, ABE4427g, and by results of a
safety run-in assessment of ABE4869g, where no serious
adverse events (SAEs) or dose-limiting toxicities were ob-
served [9]. The high-dose IV cohort was estimated to pro-
vide approximately 2.5-times higher exposure (area under
the curve (AUC)) compared with the low-dose SC cohort.

Outcomes
The primary outcome measure was the change in brain
amyloid burden from baseline to week 69, as assessed by
florbetapir SUVRs using mean cortical and cerebellar gray

matter reference regions. The secondary outcome mea-
sures were changes from baseline to week 69 in: 1) levels
of Aβ(1–42), total tau (t-tau), and phosphorylated tau
(p-tau) in the CSF; and 2) changes in fluorodeoxyglucose
PET (FDG PET) measurements of cerebral-to-cerebellar
glucose metabolism. Changes from baseline to week 73 in
ADAS-Cog12 and CDR-SB were also measured. Subgroup
analyses of the change from baseline to week 69 were per-
formed to assess treatment differences in a mild (MMSE
20–26) patient subset. Additional exploratory outcome
measures in which SUVR values were calculated using
white matter reference regions, instead of cerebellar gray
matter, were included as an alternative to the primary
outcome measure due to the increased power of this ap-
proach and the longitudinal changes in cerebral glucose
metabolism in an AD-related statistical region of interest
(ROI; improved power demonstrated by these image ana-
lysis techniques in an independent longitudinal cohort,
see below).

CSF collection and analysis
CSF was collected from all patients at screening and
prior to dosing at week 69 or at early termination/dis-
continuation (ET/D) if necessary. CSF (10–12 mL) was
collected by lumbar puncture at L4/L5 with a Sprotte
atraumatic needle into 15-mL low-retention polypropyl-
ene tubes (Sarstedt AG, Numbrecht, Germany), frozen
immediately on dry ice, and transferred to −80 °C stor-
age. For aliquoting, CSF was thawed on ice, vortexed for
30 s at maximum speed and centrifuged at 2000 g for
3 min. Aliquots (0.5 mL) were dispensed into 0.5-mL
low-retention, screw-cap MAXYmum Recovery TM
tubes using the corresponding low-retention pipette tips
(Axygen Scientific Inc., Union City, CA) and frozen at
−80 °C. CSF crenezumab concentrations were analyzed
using a validated enzyme-linked immunosorbent assay
(ELISA; limit of detection 12.5 ng/mL). Total (free and
bound) CSF Aβ(1–42) was measured using the Elecsys®
β-Amyloid(1–42) immunoassay under development by
Roche Diagnostics (Penzberg, Germany) [14]. CSF t-tau
and p-tau(181) were measured using INNOTEST® ELI-
SAs (Fujirebio, Zwijnaarde, Belgium). CSF was stored at
−80 °C and all samples were analyzed in batches using
single reagent lots at the end of the study.

Blood collection and analysis
Blood plasma was collected from all patients at screen-
ing and prior to dosing at weeks 1, 3 (SC dose only), 5,
13, 25, 49, 69, and 73, or at ET/D if necessary. Plasma
Aβ(1–40) and Aβ(1–42) was measured using
crenezumab-tolerant Elecsys® β-Amyloid(1–40) and
Elecsys® β-Amyloid(1–42) immunoassays adapted for
measurement in plasma by Roche Diagnostics. Plasma
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was stored at −80 °C and all samples were analyzed in
batches using single reagent lots at the end of the study.
Blood samples were collected for crenezumab pharma-

cokinetic analyses from all patients at weeks 1, 2 (SC
dose only), 3 (SC dose only), 5, 13, 25, 37, 49, 61, 69,
and 73, or at ET/D. Serum crenezumab concentrations
were analyzed using a validated ELISA (limit of detec-
tion 50 ng/mL).

Magnetic resonance imaging acquisition and analysis
Magnetic resonance imaging (MRI) scans were performed
during screening and then at weeks 7, 15, 23, 35, 47, 59,
and 73, or at ET/D if necessary. The MRI protocol included
the following scans for safety assessments and volumetric
measurements: 1) a high-resolution T1-weighted structural
scan; 2) a T2*-weighted gradient-recalled echo; and 3)
a T2-weighted fluid-attenuated inversion recovery.
A central, blinded facility (NeuroRx, Montreal, QC,

Canada) performed visual reads at all visits for safety as-
sessments (see below), and made measurements of
structural atrophy from the T1 images at baseline and
weeks 23, 47, and 73. Bilateral volumes of the hippo-
campi and ventricles were measured using a method
based on Anatomic Non-linear Image Matching And
Labeling (ANIMAL) with a minimum deformation tem-
plate library and local patch-based label fusion [15, 16].
The resulting volumes were visually inspected by experts
and adjusted if necessary. The percentage change in
whole-brain volume was measured with respect to base-
line using SIENA [17], part of the Oxford Centre for
Functional MRI of the Brain (FMRIB)’s Software Library
[18].

PET acquisition and analysis
Florbetapir PET scans were performed at screening
(baseline) and week 47 and week 69 visits, or at ET/D if
necessary. See Additional file 1 (Supplementary Methods)
for more information about the image acquisition and
analysis methods.
Two independent, blinded processing pipelines were

used to measure composite cortical SUVR values for
each scan. The SUVR is the ratio of the mean standard
uptake value (SUV) of the composite neocortical region
to the SUV of a reference region (as described below).
The first pipeline, developed and executed by Molecular
NeuroImaging (MNI; Molecular NeuroImaging LLC,
New Haven, CT), was used for the predefined primary
analysis and the post-hoc exploratory analysis. Baseline
PET images were registered to the baseline T1 MRI. The
transformation matrix derived from normalizing the
MRI to standard space, TMRI, was applied to the PET
images. Follow-up PET images were registered to the
baseline MRI and then normalized by applying TMRI.
Mean SUVs were extracted from regions of interest

(ROIs) using an anatomical template that was individu-
ally refined by the gray matter mask segmented from the
baseline MRI. The composite cortical ROI included the
frontal cortex, parietal cortex, lateral temporal cortex,
and posterior cingulate cortex (PCC). Two reference
ROIs were used to calculate SUVR: 1) the cerebellar
cortex, which was the predefined ROI for the primary
outcome (SUVRCB); and 2) anterior bilateral volumes of
subcortical white matter, which was measured as part of
the initial analysis but only used for the post-hoc ex-
ploratory measurements (SUVRMNI-WM).
The second pipeline, a PET-only procedure developed

and executed by Banner Alzheimer’s Institute (BAI;
Phoenix, AZ) and recommended by Avid Radiopharma-
ceuticals (Philadelphia, PA) was used only for post-hoc
exploratory analysis [6]. Baseline PET images were regis-
tered directly to a standard florbetapir PET template,
which was also used to extract SUV measurements from
anatomically defined ROIs [6]. The transformation
matrix, TPET, was saved. Follow-up PET images were
registered to the baseline PET and then normalized by
applying TPET. The composite cortical ROI included the
inferior medial frontal gyrus, superior parietal cortex,
lateral temporal cortex, PCC, anterior cingulate cortex,
and precuneus. The reference ROI was composed of
white matter and included corpus callosum and centrum
semiovale (SUVRBAI-WM).
FDG PET scans were performed at baseline and week

69 visits, or at ET/D if necessary. Images were processed
using the same MNI pipeline described above. For SUVR
measurements, the composite cortical ROI included the
PCC, parietal cortex, and temporal cortex, and the refer-
ence ROI was the cerebellar cortex.

Safety assessments
Safety was assessed based on reports of adverse events
(AEs), SAEs, and adverse events of special interest
(AESIs), which included ARIA-E (ARIA due to edema),
ARIA-H (micro-hemorrhages and superficial siderosis),
and macro-hemorrhages evident on MRI. Safety assess-
ments also included clinical laboratory testing, vital
signs, physical and neurologic examinations, prospective
suicidality assessment, electrocardiography, and brain
MRI. AEs were graded in severity using the National
Cancer Institute Common Terminology Criteria for
Adverse Events (NCI-CTCAE) grading scale. All safety
data were assessed by an unblinded internal Safety
Monitoring Committee on a regular basis. Blood sam-
ples were collected to test for the presence of
anti-therapeutic antibody (ATA) in serum.

Statistical analysis
Planned enrollment was approximately 36 patients into
each dosing cohort (SC and IV). Assumptions of a
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0.3-point difference in mean SUVR changes in florbeta-
pir PET between crenezumab and placebo, a standard
deviation (SD) across patients of 0.2 [19], and a 30%
dropout rate yielded an estimated 90% confidence inter-
val (CI) on the population SUVR treatment effect of
approximately 0.18–0.42.
The primary analysis was performed on the modified

intent-to-treat population, which was defined as all pa-
tients who were randomized and had both a baseline
measurement and at least one postbaseline measurement
for each endpoint. The analysis was conducted according
to treatment assigned at randomization. The safety
population included all patients who received at least
one dose of study drug and was analyzed according to
the treatment received (e.g., one patient was randomized
to the placebo arm but received a single dose of crene-
zumab in error, and was therefore included in the crene-
zumab safety analysis).
The primary and secondary endpoints were analyzed

as change scores (postbaseline value − baseline value).
The baseline value was defined as the latest nonmissing
predose value. Mean changes from baseline were com-
pared across treatment arms using mixed modeling for
repeated measures (MMRM) for endpoints with more
than one postbaseline measurement (florbetapir PET,
ADAS-Cog12, CDR-SB, and volumetric measurements
from MRI), and using analysis of covariance (ANCOVA)
for endpoints with only one postbaseline measurement
(CSF Aβ(1–42), t-tau, p-tau, and FDG PET). Each
ANCOVA and MMRM model had the following fixed
effects: an intercept term, a term for baseline value of
the endpoint, a term for APOEε4 strata (carrier vs non-
carrier), a term for MMSE strata (< 22 vs ≥ 22), a term
for APOEε4 strata by MMSE strata interaction, and a
term for treatment arm. Each MMRM model had add-
itional fixed effects: a categorical visit term and a term
for treatment-by-visit interaction.
The respective models were used to estimate least

squares mean changes from baseline within each treat-
ment arm and visit, as well as mean differences between
treatment arms (mean change in the placebo arm –
mean change in the active arm) at each visit. Two-sided
95% CIs for the differences and associated two-sided
unadjusted p values were also provided as an aid to
interpretation of results for exploratory hypothesis
generation. All analyses were performed using SAS
Version 9.2.

Results
Study population
From August 2011 to September 2012, 160 patients were
screened for the study (Fig. 1). Of these, 109 patients
were eligible for screening with florbetapir PET, 18
(16.5%) of whom were assessed as Aβ-negative and were

not included in the study. Of the Aβ-positive patients,
39 were randomized into the low-dose SC cohort
(placebo, n = 13; crenezumab, n = 26), and 52 into the
high-dose IV cohort (placebo, n = 17; crenezumab, n =
35). One patient in the high-dose IV cohort was
randomized to the placebo arm but received a single
dose of crenezumab in error, and was therefore included
in the crenezumab arm of the safety population. As a
result, the safety population for the high-dose IV cohort
was n = 16 for placebo and n = 36 for crenezumab.

Baseline characteristics
Demographic characteristics, including age, race, ethni-
city, and body weight at baseline, were generally well
balanced between the placebo and crenezumab treat-
ment arms (Table 1). More females were included than
males (57.1% vs 42.9%), particularly in the crenezumab
treatment arms (62.3% vs 37.7%, respectively).
APOEε4 carriers (E4+) accounted for 76.9% of the

evaluable population (70 of 91 randomized patients).
The ratio of carriers to noncarriers (E4−) was higher in
the low-dose SC cohort (87.2% E4+) relative to the
high-dose IV cohort (69.6% E4+), but was generally well
balanced between placebo and crenezumab treatment
arms within each cohort. The mean baseline MMSE
score at screening was 22 for the low-dose SC cohort
and 21 for the high-dose IV cohort, and was comparable
between placebo and treatment arms.
In total, 64 patients (70.3%) completed the week 69

amyloid PET and had biomarker assessments at week 69
and clinical assessments at week 73. A total of 27 pa-
tients (29.7%) discontinued treatment. The most fre-
quent reasons for treatment discontinuation were
withdrawal by subject (17.6%, 16 patients) followed by
discontinuation due to an AE (5.5%, five patients), with
no observed cluster or pattern of AE.
Use of other approved AD therapies was balanced be-

tween placebo and crenezumab treatment arms in both
the low-dose SC and high-dose IV cohorts. Overall,
46.7% of placebo- and 44.0% of crenezumab-treated pa-
tients received AChEIs only, while 36.7% of placebo-
and 41.0% of crenezumab-treated patients received com-
bined treatment with AChEIs and memantine.

Primary analysis
There was no evidence of a treatment effect in either the
low-dose SC or the high-dose IV cohort for the prede-
fined primary endpoint: change in SUVRCB (florbetapir
PET) from baseline to week 69 (Fig. 2a, d). Plots com-
paring SUVR at baseline versus week 69 for individual
patients indicated greater than expected longitudinal
variability using the cerebellar reference region, includ-
ing many placebo patients with apparent lowering in
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florbetapir SUVRs at week 69 (Additional file 2: Figure
S1A, D).

Secondary analyses
Using the exploratory analyses with white matter reference
regions (SUVRBAI-WM and SUVRMNI-WM), the longitudinal
variability observed in the primary analysis was reduced, and
fewer placebo patients showed evidence of amyloid reduc-
tion (Additional file 2: Figure S1B, C, E, F). There was a non-
significant trend toward treatment difference observed in the

high-dose IV cohort of 0.024 (95% CI –0.011 to 0.060;
unadjusted p= 0.169) for SUVRBAI-WM, representing a 30%
reduction in amyloid accumulation relative to placebo
(Fig. 2e). Similarly, in the high-dose IV cohort, a nonsignifi-
cant trend toward treatment difference of 0.015 (95% CI –
0.005 to 0.035; unadjusted p= 0.131) was observed for
SUVRMNI-WM, representing a 60% reduction in amyloid
accumulation relative to placebo (Fig. 2f). No treatment
effect was observed in the low-dose SC cohort for
SUVRMNI-WM and SUVRBAI-WM.

Fig. 1 Study disposition. One patient randomized to placebo received one dose of crenezumab treatment and was therefore included in the crenezumab
arm of the safety population. IV intravenous, PET positron emission tomography, q2w every 2 weeks, q4w every 4 weeks, SC subcutaneous

Table 1 Baseline characteristics (randomized population)

Low-dose SC cohort (n = 39) High-dose IV cohort (n = 52)

Placebo (n = 13) Crenezumab (n = 26) Placebo (n = 17) Crenezumab (n = 35)

Age (years), mean (SD) 68.9 (8.3) 66.7 (9.5) 69.8 (7.7) 71.4 (7.1)

Sex, female (%) 61.5 53.8 35.3 68.6

MMSE score, mean (SD) 22.3 (2.4) 21.5 (2.4) 20.5 (2.2) 20.8 (2.3)

MMSE 20–26 (mild), % 92.3 73.1 58.8 60.0

APOEε4 carriers, % 92.3 84.6 70.6 68.6

ADAS-Cog12 score, mean (SD) 28.9 (7.4) 29.4 (9.7) 34.5 (11.1) 31.2 (9.9)

CDR-SB score, mean (SD) 4.3 (1.5) 4.2 (2.1) 5.9 (1.9) 4.9 (2.0)

ADCS-ADL score, mean (SD) 66.8 (6.8) 65.4 (9.5) 64.5 (8.2) 66.8 (7.4)

SUVR (cerebellar gray reference) 1.9 (0.3) 1.8 (0.3) 1.8 (0.3) 1.7 (0.3)

AChEI and/or memantine use, % 92.3 84.6 82.4 91.4

AChEI acetylcholinesterase inhibitors, ADAS-Cog12 12-point Alzheimer’s Disease Assessment Scale cognitive subscale, ADCS-ADL Alzheimer’s Disease Cooperative
Study Activities of Daily Living, ApoE apolipoprotein E, CDR-SB Clinical Dementia Rating Sum of Boxes, IV intravenous, mITT modified intent-to-treat population,
MMSE Mini-Mental State Examination, SC subcutaneous, SD standard deviation, SUVR standard uptake value ratio
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No significant treatment effects were observed for any
of the MRI-derived volumetric changes (hippocampus,
ventricles, whole brain) from baseline to week 73 in either
the low-dose SC or high-dose IV cohorts (Additional file 3:
Figure S2). There was also no significant treatment effect
observed in mean FDG PET SUVR changes from baseline
to week 69 in either cohort (Additional file 4: Figure S3).

Safety
Overall, and similar to observations in the larger crenezu-
mab phase II study ABE4869g [9], crenezumab was well
tolerated in this study with similar rates of AEs across the
combined treatment arms (placebo 96.6%; crenezumab
93.5%) and SAEs (placebo 13.8%; crenezumab 14.5%).
SAEs were generally balanced between the low-dose SC
(placebo: 7.7%; crenezumab: 11.5%) and high-dose IV co-
horts (placebo: 18.8%; crenezumab: 16.7%; Table 2). Two
patients (2.2%) treated with crenezumab developed pneu-
monia (one in each dose cohort). Two deaths occurred in
the crenezumab arm, both in the high-dose IV cohort
(Table 2). Neither death was considered by investigators
to be related to the study drug. One death resulted from
pleural effusion leading to respiratory failure, while the

other was sudden death of unknown etiology. No deaths
occurred in the placebo arm.
The most frequent AESI was the development of

ARIA-H, which was reported in 3.4% (one patient) of
placebo patients versus 14.5% (nine patients) of those
receiving crenezumab (Additional file 5: Table S1). All
cases of ARIA-H documented during the study were
asymptomatic and classified as NCI-CTCAE Grade 1
AEs in all but one case, the latter being NCI-CTCAE
Grade 2 severity. All patients with ARIA-H were able to
continue study treatment except for one placebo-
assigned patient diagnosed with superficial siderosis
who discontinued from treatment as stipulated in the
protocol. No cases of ARIA-E were documented during
the study (Table 2, Additional file 5: Table S1, and
Additional file 1: Supplementary Safety Summary).

Exploratory CSF and plasma biomarker analyses
CSF concentrations of Aβ(1–42) were assessed in 55 pa-
tients, and CSF t-tau and p-tau concentrations assessed
in 54 patients, at baseline and week 69 (Fig. 3). There
was a significant increase in CSF Aβ(1–42) concentra-
tions in patients treated with crenezumab. In the
low-dose SC cohort, CSF Aβ(1–42) mean change from

A B C

D E F

Fig. 2 Amyloid PET analysis. Analysis of the florbetapir change from baseline using three different methods for the calculation of SUVR: in the
cerebellar gray MNI-CB (a,d), BAI-WM (b,e), and MNI-WM (c,f). The primary difference between these methods is the choice of reference region:
cerebellar gray matter (SUVRMNI-CB) or subcortical white matter (SUVRMNI-WM and SUVRBAI-WM). The reference regions in both the low-dose SC (a–c)
and high-dose IV (d–f) cohorts are shown. BAI Banner Alzheimer’s Institute, BL baseline, Cr crenezumab, Diff difference, IV intravenous, MNI
molecular neuroimaging, Pl placebo, SC subcutaneous, SE standard error, SUVR standard uptake value ratio, WM white matter, CB cerebellar
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Table 2 Summary of adverse events

Low-dose SC cohort (n = 39) High-dose IV cohort (n = 52) All patients (n = 91)

Placebo
(n = 13)

Crenezumab
(n = 26)

Placebo
(n = 16)

Crenezumab
(n = 36)

Placebo
(n = 29)

Crenezumab
(n = 62)

Patients with ≥ 1 AE 13 (100) 26 (100) 15 (93.8) 32 (88.9) 28 (96.6) 58 (93.5)

Death 0 (0.0) 0 (0.0) 0 (0.0) 2 (5.6)* 0 (0.0) 2 (3.2)*

SAEs 1 (7.7) 3 (11.5) 3 (18.8) 6 (16.7) 4 (13.8) 9 (14.5)

AEs of grade≥ 3 1 (7.7) 4 (15.4) 4 (25.0) 7 (19.4) 5 (17.2) 11 (17.7)

Pneumonia 0 (0.0) 1 (3.8) 0 (0.0) 1 (2.8) 0 (0.0) 2 (3.2)

Most frequent AEs

Back pain 2 (15.4) 5 (19.2) 2 (12.5) 5 (13.9) 4 (13.8) 10 (16.1)

Upper respiratory tract infection 0 (0.0) 7 (26.9) 2 (12.5) 4 (11.1) 2 (6.9) 11 (17.7)

Anxiety 0 (0.0) 9 (34.6) 0 (0.0) 3 (8.3) 0 (0.0) 12 (19.4)

Nasopharyngitis 4 (30.8) 4 (15.4) 13 (18.8) 1 (2.8) 7 (24.1) 5 (8.1)

Depression 2 (15.4) 5 (19.2) 2 (12.5) 2 (5.6) 4 (13.8) 7 (11.3)

Further details can be found in the Additional file 1 (Supplementary safety summary)
All values are shown as n (%)
AE adverse event, IV intravenous, SAE serious adverse event; SC subcutaneous
*Neither fatal event was assessed as related to study drug by the investigator

A B C

D E F

Fig. 3 CSF biomarkers. Analysis of the change in biomarker levels found in CSF (Aβ(1–42) (a,d), t-tau (b,e), and p-tau (c,f)) in both the
low-dose SC (a–c) and high-dose IV (d–f) cohorts. CSF t-tau and p-tau was not analyzed for one patient at week 69. BL baseline, Cr
crenezumab, CSF cerebrospinal fluid, Diff difference, IV intravenous, Pl placebo, p-tau phosphorylated tau, SC subcutaneous, SE
standard error
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baseline was −52.11 pg/mL in the placebo arm, while in
the crenezumab arm mean change from baseline was
+74.90 pg/mL (crenezumab vs. placebo difference of
127.01 pg/mL, p = 0.001). In the high-dose IV cohort,
CSF Aβ(1–42) mean change from baseline was
−86.65 pg/mL in the placebo arm, whereas in the
crenezumab arm mean change from baseline was
+7.86 pg/mL (crenezumab vs. placebo difference of
94.51 pg/mL, p = 0.022). There was no evidence of a
treatment difference in mean change from baseline for
CSF t-tau or p-tau between crenezumab and placebo
for either the low-dose SC or the high-dose IV cohort
(Fig. 3b, c, e, f ). No apparent correlation was observed
between time-matched crenezumab pharmacokinetics and
Aβ(1–42) changes in CSF (Additional file 6: Figure S4).
Total plasma Aβ(1–40) concentrations increased from

0.327 ng/mL to 14.1 ng/mL and from 0.562 ng/mL to
17.6 ng/mL after 68 weeks of treatment with crenezu-
mab in the low-dose SC and high-dose IV cohorts, re-
spectively (Fig. 4). Similarly, total plasma Aβ(1–42)
concentrations increased from 0.027 ng/mL to 0.882 ng/
mL and from 0.041 ng/mL to 1.12 ng/mL after 68 weeks
of treatment with crenezumab in the low-dose SC and
high-dose IV cohorts, respectively (Fig. 4). This indicates
an overall increase in plasma Aβ(1–40) and Aβ(1–42)
concentrations in patients treated with crenezumab but
not in patients treated with placebo.

Exploratory cognitive analyses
Exploratory analyses of the change from baseline to
week 73 in ADAS-Cog12 (Fig. 5a, c) and CDR-SB
(Additional file 7: Figure S5A, C) did not show a treatment
effect in either the low-dose SC or high-dose IV cohorts.
However, in a subset of mild AD patients (MMSE 20–26)
in the high-dose IV cohort, a reduction in decline in
ADAS-Cog12 (52.0%; ADAS-Cog12 difference 3.05 points;

95% CI –2.90 to 9.01; unadjusted p = 0.288) and CDR-SB
(41.5%; CDR-SB difference 0.80 points; 95% CI –1.31 to
2.91; unadjusted p = 0.439) from baseline to week 73 was
observed in the crenezumab arm relative to placebo,
although this was not significant. No treatment effect was
observed for the mild AD subset in the low-dose SC
cohort (Fig. 5b, d and Additional file 7: Figure S5B, D).

Discussion
In this small 68-week proof-of-concept study, crenezumab
failed to demonstrate a significant impact on changes in
PET measurements of amyloid burden using cerebral-to-
cerebellar florbetapir SUVRs, our original primary end-
point. However, an exploratory analysis found a nonsignif-
icant trend toward reduced cerebral-to-white matter
SUVRs, a measurement with increased power to track
longitudinal change in amyloid burden, in the high-dose
IV-treated cohort. The possibility that higher-dose crene-
zumab treatment may be associated with reduced fibrillar
Aβ accumulation will be tested in ongoing phase III
studies.
Treatment effects were not observed for the other sec-

ondary endpoints of changes in FDG PET, CSF t-tau,
and p-tau measurements. No treatment effect was ob-
served in the clinical outcomes, ADAS-Cog12 and CDR-
SB, in the overall study population, but in the mild sub-
set (MMSE 20–26), a nonsignificant trend toward a
clinical benefit was observed in the high-dose IV cohort,
which was consistent with observations in the recently
published phase II ABE4869g study [9], suggesting that
greater benefits for patients may be possible by treating
earlier disease stages and with higher doses of crenezumab.
Initial reports that used amyloid PET in clinical trials

of amyloid-targeted therapeutics used cerebellar refer-
ence regions to calculate SUVR [19–21], and similar
methods have been used in more recent trials [22–24].

Fig. 4 Aβ(1–40) and Aβ(1–42) plasma concentrations. Mean (±SD) Aβ(1–40) and Aβ(1–42) plasma concentrations following low-dose SC or high-
dose IV administration to patients with mild-to-moderate AD (weeks 1–69). Aβ beta-amyloid, AD Alzheimer’s Disease, IV intravenous, SC subcutaneous,
SD standard deviation

Salloway et al. Alzheimer's Research & Therapy  (2018) 10:96 Page 9 of 13



This reference region has been widely used based on the
evidence from early cross-sectional studies that showed
how SUVR could be used to quantitatively differentiate
groups of individuals with different levels of cognitive
impairment, but more recent reports analyzing the lon-
gitudinal florbetapir PET data from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) have demonstrated
that reference regions containing subcortical white mat-
ter can reduce variability in the measurement of SUVR
changes over time [6–8, 25]. Evidence of these improve-
ments was first published near the time that ABE4955g
was completing and prompted the initiation of two add-
itional blinded analyses performed with processing pipe-
lines that had been independently optimized and
validated using ADNI data [6, 7]. Although these alter-
native methods (SUVRMNI-WM and SUVRBAI-WM) used
different white matter references and different image
processing techniques, both demonstrated: 1) more con-
sistent amyloid accumulation in the placebo arm; 2) re-
duced longitudinal variability across treatment arms; and
3) nonsignificant trends in reductions of amyloid accu-
mulation in the high-dose IV crenezumab-treated cohort

compared with placebo. Further justification for using
subcortical white matter as an improved reference re-
gion for longitudinal florbetapir PET measurements has
been shown in exploratory analyses of other therapeutic
studies with aducanumab and solanezumab [26, 27].
Aducanumab and gantenerumab have reported reduc-

tions in amyloid SUVR using cerebellar reference re-
gions [22, 24], but these antibodies bind amyloid plaque
and have full immune effector function; thus, they may
be acting by a direct plaque removal mechanism effect-
ing greater changes in the amyloid PET signal. The re-
sults of this study appear consistent with the hypothesis
that crenezumab may reduce the further accumulation
of amyloid plaque by enabling the removal of precursor
soluble oligomers, even if it does not dramatically clear
existing plaques. Detecting this subtle effect on longitu-
dinal plaque accumulation may have required the more
sensitive white-matter reference methods.
Treatment with crenezumab at both dose levels was

associated with an increase in CSF Aβ(1–42), providing
evidence for target engagement in the central nervous
system, albeit not direct evidence of target engagement

A B

C D

Fig. 5 ADAS-Cog12. Change from baseline of ADAS-Cog12 score in patients with mild-to-moderate AD (a,c) or mild AD (b,d) in both the low-
dose SC (a,b) and the high-dose IV (c,d) cohort. % Red percentage reduction, AD Alzheimer’s disease, ADAS-Cog12 12-point Alzheimer’s Disease
Assessment Scale cognitive subscale, BL baseline, Cr crenezumab, Diff difference, IV intravenous, MMSE Mini-Mental State Examination, Pl placebo,
SC subcutaneous, SE standard error
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in the brain. Increases in CSF Aβ(1–42) relative to pla-
cebo were also observed in both dose groups in the
ABE4869g trial [9], providing further evidence of target
engagement. CSF samples were collected at trough
(prior to final dose) when there was only a 1.7-fold mean
difference in crenezumab levels between the SC and IV
cohorts, and this may explain why similar increases in
CSF Aβ(1–42) were observed at both dose levels. The in-
crease in CSF Aβ(1–42) associated with crenezumab
treatment could reflect increased input of Aβ(1–42) into
the CSF from the brain or periphery, decreased clear-
ance of CSF Aβ(1–42) out of the CSF, and/or a shift in
CSF Aβ content toward more species that are detected
by the Aβ(1–42) assay; thus, this observation does not
definitively indicate a reversal of AD pathophysiology.
Crenezumab treatment was also associated with a
dose-dependent increase in plasma levels of Aβ(1–42)
and Aβ(1–40). Plasma increases in Aβ have also been
observed with solanezumab [28] and are thought to re-
flect an increase in the half-life of circulating Aβ when
bound to antibody. Additional studies are needed to bet-
ter understand the effects of crenezumab on plasma Aβ,
CSF Aβ, and amyloid PET, and the relationship of these
pharmacodynamic effects to the underlying pathology
and cognitive decline.
Disease progression as evaluated using the cognitive and

global measures ADAS-Cog12 and CDR-SB showed no
treatment effect in the overall study population. However,
in a subset of patients with milder disease (MMSE 22–26),
a nonsignificant trend toward a treatment effect was ob-
served in the high-dose IV group but not in the low-dose
SC group. These data are consistent with results from the
ABE4869g study which showed increasing treatment ef-
fect in ADAS-Cog12 in progressively milder subsets of
AD patients [9]. Together, these two phase II studies sug-
gest that higher doses of crenezumab may be needed to
impact clinical outcomes.
No treatment effect on CSF t-tau or p-tau, or on FDG

PET, was associated with crenezumab at either dose level.
A clear relationship between changes in biomarkers of AD
and clinical benefit is yet to be established in therapeutic
studies [29, 30]. Discrepancies between biomarker and cog-
nitive outcomes have been observed in trials of other
anti-amyloid compounds, including bapineuzumab, gante-
nerumab, aducanumab, and solanezumab. In phase III
studies in mild-to-moderate AD, bapineuzumab stabilized
or slightly reduced (< 5%) amyloid plaque as measured by
11C-labeled Pittsburgh Compound-B PET but no clinical
benefit was observed [20]. In a phase Ib study in
prodromal-to-mild AD, aducanumab reduced amyloid load
by as much as 19% at 1 year at the highest dose, and a
dose-response relationship was observed for both amyloid
removal and clinical benefit [22]. In a phase III study in
prodromal AD, gantenerumab resulted in a 5.8% mean

reduction in amyloid plaque levels at week 60 [24]. In that
study, cognitive benefit compared with patients treated with
placebo was not observed [24], but there was evidence of
efficacy in patients with faster disease progression who had
higher drug exposure [31]. Recent data on gantenerumab,
as well as phase IIb data from BAN2401, have confirmed
that higher doses of full-effector function anti-Aβ anti-
bodies can result in more robust effects on amyloid plaque
removal such that a substantial number of patients have
their amyloid burden reduced to below the threshold for
amyloid positivity within 1–2 years [32, 33]. Cognitive
benefit was reported for BAN2401 [33] but this awaits con-
firmation in a larger study. In contrast, the monomer-only
binding antibody solanezumab demonstrated no significant
effect on amyloid plaque [34] and, although the phase III
solanezumab studies did not meet their primary endpoint
(ADAS-Cog14), a small but consistent effect on other cog-
nitive and functional endpoints was detected in patients
with mild AD [23]. Overall, modest (< 10%) reductions in
CSF t-tau and p-tau have been observed in some studies
[24, 35], but CSF results are not available for all anti-Aβ tri-
als and thus far there is no consistent relationship between
changes in CSF tau and changes in cognition. Given the
discrepancies between the biomarker data and the clinical
outcome across anti-Aβ studies, replication in larger studies
will be required to understand further the relationship be-
tween biomarkers and clinical benefit.
Overall, crenezumab was well tolerated at the doses inves-

tigated in a mild-to-moderate AD (MMSE 18–26) popula-
tion. No cases of ARIA-E were observed in ABE4955g, and
only one asymptomatic case was observed in ABE4869g at
the higher dose (a sulcal effusion in the right occipital, par-
ietal, and temporal regions and in the left occipital region, re-
ported at week 23 MRI assessment, in a 72-year-old
APOEε4 homozygous female patient treated with crenezu-
mab IV) [9]. The low levels of ARIA-E observed in both
ABE4869g and ABE4955g enable evaluation of crenezumab
at higher dose levels compared with anti-amyloid monoclo-
nal IgG1 antibodies with full effector functions.
The limitations of this study include the small sample size

and the absence of testing of doses > 15 mg/kg, which limits
the power of the study to exclude a significant treatment ef-
fect on clinical and biomarker endpoints. One phase Ib
(GN29632; NCT02353598) and two phase III studies investi-
gating crenezumab in an earlier AD patient population are
ongoing (BN29552, CREAD: NCT02670083; BN29553,
CREAD2: NCT03114657). GN29632 and BN29553 will fur-
ther explore the potential effects of crenezumab on cogni-
tion, biomarkers, and safety in prodromal-to-mild AD
(MMSE 22–30) at monthly doses of 60 mg/kg IV.

Conclusion
Here we report the results of the phase II ABE4955g
trial evaluating the impact of crenezumab on brain
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amyloid load and related biomarkers in mild-to-moder-
ate AD with evidence of brain amyloid pathology based
on amyloid PET. The primary endpoint was not met. Ex-
ploratory analyses evaluated two alternative methods of
analyzing longitudinal amyloid PET data using different
reference regions. These methods reduced longitudinal
variability and suggested a possible reduction in amyloid
accumulation in crenezumab-treated patients. The trial
also found a nonsignificant trend toward reduced cogni-
tive decline in crenezumab-treated mild AD patients
that was also observed in the ABE4869g study, suggest-
ing that earlier treatment and higher doses may be asso-
ciated with improved clinical outcome. Given the
favorable safety profile of crenezumab, administration of
an increased dose regimen in early AD patients in future
studies may be possible to increase efficacy, without a
corresponding increase in risk to patient safety. The two
phase III CREAD studies (BN29552 and BN29553) for
crenezumab are underway to test this hypothesis.

Additional files

Additional file 1: Supplementary methods and safety summary. PET
imaging parameters and summary of safety findings. (PDF 39 kb)

Additional file 2: Figure S1. SUVR longitudinal analysis. SUVR at week
69 compared to SUVR at baseline using different processing methods
and reference regions: MNI-CB (A and D), BAI-WM (B and E), and MNI-WM
(C and F) in both the low-dose SC (A–C) and high-dose IV (D –F) cohorts.
(PPTX 157 kb)

Additional file 3: Figure S2. vMRI. Analysis of vMRI change from
baseline in the hippocampus (A and B), ventricular volume (C and D),
and whole brain (E and F) in low-dose SC (A, C, and E) and high-dose IV
cohorts (B, D, and F). (PDF 98 kb)

Additional file 4: Figure S3. FDG PET. FDG PET SUVR change from
baseline in the low-dose SC (A) and high-dose IV (B) cohorts. (PDF 65 kb)

Additional file 5: Table S1. Summary of ARIA events. Summary of
ARIA events in the low-dose SC cohort, high-dose IV cohort, and all
patients. (PDF 40 kb)

Additional file 6: Figure S4. CSF Aβ(1–42) crenezumab correlation
analysis. Correlation analysis of change in CSF Aβ(1–42) from baseline
and crenezumab concentrations at week 69 in patients in the low-dose
SC cohort (circles) and high-dose cohort (triangles). (PDF 98 kb)

Additional file 7: Figure S5. CDR-SB. Change from baseline (BL) of
CDR-SB score in patients with mild-to-moderate AD (A and C) or mild
AD (B and D) in the low-dose SC (A and B) and high-dose IV (C and D)
cohorts. (PDF 112 kb)

Abbreviations
Aβ: Amyloid-beta; AChEI: Acetylcholinesterase inhibitor; AD: Alzheimer’s
disease; ADAS-Cog: Alzheimer’s Disease Assessment Scale cognitive subscale;
ADNI: Alzheimer’s Disease Neuroimaging Initiative; AE: Adverse event;
AESI: Adverse event of special interest; ANCOVA: Analysis of covariance;
APOEε4: Apolipoprotein E ε4; ARIA: Amyloid-related imaging abnormalities;
ARIA-E: Amyloid-related imaging abnormalities representing vasogenic
edema; ARIA-H: Amyloid-related imaging abnormalities representing
microhemorrhage and siderosis; ATA: Anti-therapeutic antibody; CDR-
SB: Clinical Dementia Rating Sum of Boxes; CI: Confidence interval;
CSF: Cerebrospinal fluid; ELISA: Enzyme-linked immunosorbent assay; ET/
D: Early termination/discontinuation; FcγR: Fc-gamma receptor;
FDG: Fluorodeoxyglucose; IgG1: Immunoglobulin isotype G1;
IgG4: Immunoglobulin isotype G4; IV: Intravenous; MMRM: Mixed modeling

for repeated measures; MMSE: Mini-Mental State Examination; MRI: Magnetic
resonance imaging; NCI-CTCAE: National Cancer Institute Common
Terminology Criteria for Adverse Events; OLE: Open-label extension;
PCC: Posterior cingulate cortex; PET: Positron emission tomography; p-
tau: Phosphorylated tau; q2w: Every 2 weeks; q4w: Every 4 weeks;
ROI: Region of interest; SAE: Serious adverse event; SC: Subcutaneous;
SUV: Standard uptake value; SUVR: Standard uptake value ratio; t-tau: Total
tau

Acknowledgments
We thank all the patients with Alzheimer’s disease and their caregivers who
participated in these studies. We acknowledge the following individuals for their
assistance with the study: Pravina Kittredge, Shane Smith, Erin Elman, Mira
Blendstrup, Amy Sullivan, and Tracy Smith from Clinical Operations, Anita Moien
from Clinical Pharmacology, and Hiral Raval from Statistical Programming (all
employees at F. Hoffmann-La Roche Ltd./Genentech Inc.). Medical writing support
was provided by Dr. Jonathan Plumb of Bioscript Medical and was funded by F.
Hoffmann-La Roche. Additional editorial support was provided by Rachel Johnson
and was funded by F. Hoffmann-La Roche. This study was supported by Genentech,
Inc. South San Francisco, CA, USA. Additional grant support was provided by Arizona
Alzheimer’s Consortium and NIH-sponsored Arizona Alzheimer’s Disease Core Center
grant funding for some of the imaging data analyses conducted by BAI (P30
AG19610; Reiman, PI).

Funding
This study was supported by Genentech, Inc. South San Francisco, CA, USA.

Availability of data and materials
The datasets analyzed during the current study are available from the
corresponding author on reasonable request. Qualified researchers may
request access to individual patient-level data through the clinical study data
request platform (www.clinicalstudydatarequest.com). Further details on
Roche’s criteria for eligible studies are available here at https://clinicalstudy-
datarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx. For further de-
tails on Roche’s Global Policy on the Sharing of Clinical Information and how
to request access to related clinical study documents, see https://www.ro-
che.com/research_and_development/who_we_are_how_we_work/clinical_-
trials/our_commitment_to_data_sharing.htm.

Authors’ contributions
SSa, MW, LAH, WC, DC, and RP designed the study. MW, MF, RNF, RP, DC,
AQ, and LAH contributed to the writing of the report. SSa was involved in
data collection and study execution. EMR and KC provided guidance on and
performed florbetapir PET processing/analysis. EMR, KC, and TB provided
guidance on and performed statistical analysis and data interpretation and
contributed to the writing of the methods section and background of the
report. LAH, WC, MW, MF, FB, AQ, DC, DM, TB, CH, CR, SPS, KRW, SSu, and
RNF provided guidance on and performed statistical analysis and data
interpretation. All authors critically reviewed and edited the manuscript, and
approved the final version for submission.

Authors’ information
MW, CH, SSu, and RP were employees of Genentech Inc., South San
Francisco, CA, USA at the time of the study.

Ethics approval and consent to participate
This study was conducted at 21 sites in the US, one site in Spain, and one
site in France. The study protocol was approved by the respective
institutional review boards prior to participant recruitment and was
conducted in accordance with US Food and Drug Administration
regulations, International Council on Harmonization E6 Guideline for Good
Clinical Practice, and applicable local, state, federal, and country laws. Written
informed consent was obtained for all patients prior to performing study-
related procedures in accordance with federal and institutional guidelines.

Consent for publication
Not applicable.

Competing interests
LAH, WC, MW, MF, FB, AQ, DC, DM, TB, CH, CR, SPS, KRW, SSu, RNF, and RP
are current or former employees of Genentech (a member of the Roche

Salloway et al. Alzheimer's Research & Therapy  (2018) 10:96 Page 12 of 13

https://doi.org/10.1186/s13195-018-0424-5
https://doi.org/10.1186/s13195-018-0424-5
https://doi.org/10.1186/s13195-018-0424-5
https://doi.org/10.1186/s13195-018-0424-5
https://doi.org/10.1186/s13195-018-0424-5
https://doi.org/10.1186/s13195-018-0424-5
https://doi.org/10.1186/s13195-018-0424-5
http://www.clinicalstudydatarequest.com
https://clinicalstudydatarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx
https://clinicalstudydatarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm
https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm


Group), and own stock or stock options in F. Hoffmann-La Roche. SSa re-
ceived grants and personal fees from Genentech during the conduct of the
study, grants and personal fees from Eli Lilly, Biogen Idec, Merck, and Roche,
and grants from Functional Neuromodulation, Avid, and Novartis. EMR re-
ceived grants from Banner Alzheimer’s Institute during the conduct of the
study, and is evaluating crenezumab in the Alzheimer’s Prevention Initiative
(API) Autosomal Dominant Alzheimer’s Disease Trial. KC declares that they
have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Neurology and Psychiatry, The Warren Alpert Medical School
of Brown University, 345 Blackstone Boulevard, Providence, RI 2906, USA.
2Genentech Inc., South San Francisco, CA, USA. 3F Hoffmann-La Roche Ltd.,
Basel, Switzerland. 4Banner Alzheimer’s Institute, Phoenix, AZ, USA.

Received: 19 June 2018 Accepted: 29 August 2018

References
1. Karran E, Mercken M, De Strooper B. The amyloid cascade hypothesis for

Alzheimer’s disease: an appraisal for the development of therapeutics. Nat
Rev Drug Discov. 2011;10:698–712.

2. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress
and problems on the road to therapeutics. Science. 2002;297:353–6.

3. Selkoe DJ. The molecular pathology of Alzheimer’s disease. Neuron. 1991;6:
487–98.

4. Adolfsson O, Pihlgren M, Toni N, Varisco Y, Buccarello AL, Antoniello K, et al.
An effector-reduced anti-β-amyloid (Aβ) antibody with unique Aβ binding
properties promotes neuroprotection and glial engulfment of Aβ. J
Neurosci. 2012;32:9677–89.

5. Ultsch M, Li B, Maurer T, Mathieu M, Adolfsson O, Muhs A, et al. Structure of
crenezumab complex with Aβ shows loss of β-hairpin. Sci Rep. 2016;6:
39374.

6. Chen K, Roontiva A, Thiyyagura P, Lee W, Liu X, Ayutyanont N, et al.
Improved power for characterizing longitudinal amyloid-β PET changes and
evaluating amyloid-modifying treatments with a cerebral white matter
reference region. J Nucl Med. 2015;56:560–6.

7. Brendel M, Högenauer M, Delker A, Sauerbeck J, Bartenstein P, Seibyl J,
et al. Improved longitudinal [(18)F]-AV45 amyloid PET by white matter
reference and VOI-based partial volume effect correction. NeuroImage.
2015;108:450–9.

8. Landau SM, Fero A, Baker SL, Koeppe R, Mintun M, Chen K, et al.
Measurement of longitudinal β-amyloid change with 18F-florbetapir PET
and standardized uptake value ratios. J Nucl Med. 2015;56:567–74.

9. Cummings JL, Cohen S, Van Dyck C, Brody M, Curtis C, Cho W, et al. ABBY: a
phase 2 randomized trial of crenezumab in mild-to-moderate Alzheimer’s
disease. Neurology. 2018;90:e1889–97.

10. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975;12:189–98.

11. O'Bryant SE, Waring SC, Cullum CM, Hall J, Lacritz L, Massman PJ, et al.
Staging dementia using clinical dementia rating scale sum of boxes scores:
a Texas Alzheimer’s research consortium study. Arch Neurol. 2008;65:1091–5.

12. Berg L, Miller JP, Baty J, Rubin EH, Morris JC, Figiel G. Mild senile dementia
of the Alzheimer type. 4. Evaluation of intervention. Ann Neurol. 1992;31:
242–9.

13. Sano M, Raman R, Emond J, Thomas RG, Petersen R, Schneider LS, et al.
Adding delayed recall to the Alzheimer disease assessment scale is useful in
studies of mild cognitive impairment but not Alzheimer disease. Alzheimer
Dis Assoc Disord. 2011;25:122–7.

14. Bittner T, Zetterberg H, Teunissen CE, Ostlund RE Jr, Militello M, Andreasson
U, et al. Technical performance of a novel, fully automated
electrochemiluminescence immunoassay for the quantitation of β-amyloid
(1-42) in human cerebrospinal fluid. Alzheimers Dement. 2016;12:517–26.

15. Fonov V, Evans AC, Botteron K, Almli CR, McKinstry RC, Collins DL, et al.
Unbiased average age-appropriate atlases for pediatric studies. NeuroImage.
2011;54:313–27.

16. Coupe P, Fonov V, Eskildsen S, Manjón J, Arnold D, Collins L. Influence of
the training library composition on a patch-based label fusion method:
application to hippocampus segmentation on the ADNI dataset. Alzheimers
Dement. 2011;7:S24.

17. Smith SM, Zhang Y, Jenkinson M, Chen J, Matthews PM, Federico A, et al.
Accurate, robust, and automated longitudinal and cross-sectional brain
change analysis. NeuroImage. 2002;17:479–89.

18. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-
Berg H, et al. Advances in functional and structural MR image analysis and
implementation as FSL. NeuroImage. 2004;23(Suppl 1):S208–19.

19. Rinne JO, Brooks DJ, Rossor MN, Fox NC, Bullock R, Klunk WE, et al. 11C-PiB
PET assessment of change in fibrillar amyloid-beta load in patients with
Alzheimer's disease treated with bapineuzumab: a phase 2, double-blind,
placebo-controlled, ascending-dose study. Lancet Neurol. 2010;9:363–72.

20. Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, et al. Two
phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer's disease. N
Engl J Med. 2014;370:322–33.

21. Ostrowitzki S, Deptula D, Thurfjell L, Barkhof F, Bohrmann B, Brooks DJ, et al.
Mechanism of amyloid removal in patients with Alzheimer disease treated
with gantenerumab. Arch Neurol. 2012;69:198–207.

22. Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, et al. The
antibody aducanumab reduces Aβ plaques in Alzheimer's disease. Nature.
2016;537:50–6.

23. Siemers ER, Sundell KL, Carlson C, Case M, Sethuraman G, Liu-Seifert H, et al.
Phase 3 solanezumab trials: secondary outcomes in mild Alzheimer's
disease patients. Alzheimers Dement. 2016;12:110–20.

24. Ostrowitzki S, Lasser RA, Dorflinger E, Scheltens P, Barkhof F, Nikolcheva T, et
al. A phase III randomized trial of gantenerumab in prodromal Alzheimer's
disease. Alzheimers Res Ther. 2017;9:95.

25. Shokouhi S, Mckay JW, Baker SL, Kang H, Brill AB, Gwirtsman HE, et al.
Reference tissue normalization in longitudinal (18)F-florbetapir positron
emission tomography of late mild cognitive impairment. Alzheimers Res
Ther. 2016;8:2.

26. Fleisher AS, Joshi AD, Sundell KL, Chen YF, Kollack-Walker S, Lu M, et al. Use
of white matter reference regions for detection of change in florbetapir
positron emission tomography from completed phase 3 solanezumab trials.
Alzheimers Dement. 2017;13:1117–24.

27. Chiao P, Bedell BJ, Avants B, Zijdenbos AP, Grand'Maison M, O-Neill P, et al.
Impact of reference/target region selection on amyloid PET standard uptake
value ratios in the phase 1b PRIME study of aducanumab. J Nucl Med.
[Epub ahead of print].

28. Uenaka K, Nakano M, Willis BA, Friedrich S, Ferguson-Sells L, Dean RA, et al.
Comparison of pharmacokinetics, pharmacodynamics, safety, and tolerability
of the amyloid β monoclonal antibody solanezumab in Japanese and white
patients with mild to moderate Alzheimer disease. Clin Neuropharmacol.
2012;35:25–9.

29. Ritter A, Cummings J. Fluid biomarkers in clinical trials of Alzheimer's
disease therapeutics. Front Neurol. 2015;6:186.

30. Cummings JL. Biomarkers in Alzheimer's disease drug development.
Alzheimers Dement. 2011;7:e13–44.

31. Retout S, Gieschke R, Weber C, Charoin J, Volz D, Lasser R, et al. The
importance of understanding the variable rate of progression among
Alzheimer's disease patients: data from the gantenerumab program. J Prev
Alzheimers Dis. 2015;2:LB13.

32. Klein G, Delmar P, Hofmann C, Abi-Saab D, Andjelkovic M, Ristic S, et al. 24-
month amyloid PET results of the gantenerumab high-dose open label
extension studies. Alzheimer’s Association International Conference July 22–26;
Chicago; O1–09-03. 2018.

33. Swanson CJ, Zhang Y, Dhadda S, Wang J, Kaplow J, Lai RYK, et al.
Treatment of early AD subjects with BAN2401, an anti-Aβ protofibril
monoclonal antibody, significantly clears amyloid plaque and reduces
clinical decline. Alzheimer’s Association International Conference July
22–26; Chicago; DT-01-07. 2018.

34. Honig LS, Vellas B, Woodward M, Boada M, Bullock R, Borrie M, et al. Trial of
Solanezumab for mild dementia due to Alzheimer's disease. N Engl J Med.
2018;378:321–30.

35. Blennow K, Zetterberg H, Rinne JO, Salloway S, Wei J, Black R, et al. Effect of
immunotherapy with bapineuzumab on cerebrospinal fluid biomarker levels in
patients with mild to moderate Alzheimer disease. Arch Neurol. 2012;69:1002–10.

Salloway et al. Alzheimer's Research & Therapy  (2018) 10:96 Page 13 of 13


	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Study design and participants
	Randomization and dosing
	Outcomes
	CSF collection and analysis
	Blood collection and analysis
	Magnetic resonance imaging acquisition and analysis
	PET acquisition and analysis
	Safety assessments
	Statistical analysis

	Results
	Study population
	Baseline characteristics
	Primary analysis
	Secondary analyses
	Safety
	Exploratory CSF and plasma biomarker analyses
	Exploratory cognitive analyses

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

