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Abstract. New therapies with disease-modifying effects are urgently needed for treating Alzheimer’s disease (AD). Nerve
growth factor (NGF) protein has demonstrated regenerative and neuroprotective effects on basal forebrain cholinergic neurons
in animal studies. In addition, AD patients treated with NGF have previously shown improved cognition, EEG activity, nicotinic
binding, and glucose metabolism. However, no study to date has analyzed brain atrophy in patients treated with NGF producing
cells. In this study we present MRI results of the first clinical trial in patients with AD using encapsulated NGF biodelivery
to the basal forebrain. Six AD patients received the treatment during twelve months. Patients were grouped as responders and
non-responders according to their twelve-months change in MMSE. Normative values were created from 131 AD patients from
ADNI, selecting 36 age- and MMSE-matched patients for interpreting the longitudinal changes in MMSE and brain atrophy.
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Results at baseline indicated that responders showed better clinical status and less pathological levels of cerebrospinal fluid
(CSF) A�1-42. However, they showed more brain atrophy, and neuronal degeneration as evidenced by higher CSF levels of
T-tau and neurofilaments. At follow-up, responders showed less brain shrinkage and better progression in the clinical variables
and CSF biomarkers. Noteworthy, two responders showed less brain shrinkage than the normative ADNI group. These results
together with previous evidence supports the idea that encapsulated biodelivery of NGF might have the potential to become a
new treatment strategy for AD with both symptomatic and disease-modifying effects.

Keywords: Alzheimer’s disease, cerebrospinal fluid biomarkers, clinical progression, clinical trial, encapsulated cell biodelivery,
nerve growth factor, neurofilaments, structural MRI, ADNI, brain changes

INTRODUCTION

Alzheimer’s disease (AD) is the most common form
of dementia, affecting more than 27 million people
around the world [1, 2]. At present, the available treat-
ment is symptomatic, e.g., cholinesterase inhibitors [3]
and memantine [4]. Given the dramatic consequences
that the disease imposes on patients, their families, and
society, new therapies with disease-modifying effects
are urgently needed. In this regard, nerve growth factor
(NGF) has emerged as a potential candidate. The NGF
protein has demonstrated regenerative and neuropro-
tective effects on basal forebrain cholinergic neurons in
animal experiments [5–7]. Basal forebrain cholinergic
neurons have wide projections to the cerebral cortex
and the hippocampus, and have been hypothesized
to degenerate in AD due to the loss of neurotrophic
support from their target sites [8]. Nonetheless, these
degenerating neurons are still viable for an extended
period of time and may thus be amenable to rescuing
pharmacotherapeutic interventions, especially in early
and intermediate stages of the disease [9].

Since NGF does not pass the blood-brain bar-
rier, local delivery of NGF is needed, but has been
achieved only in few previous studies. Normalization
of EEG pattern, upregulation of nicotinic receptors,
and increased glucose metabolism was observed in
three AD patients treated with intracerebroventricular
infusion of NGF [10, 11]. However, patients developed
side effects, making this route of administration non-
tolerable and unsafe. On the contrary, no pain-related
side-effects were observed when NGF was directly
infused into the brain parenchyma of rats [12] and
AD patients [13]. Tuszynski and co-workers reported
less cognitive decline and increased cortical glucose
metabolism as evaluated by PET in six AD patients
treated with genetically modified, autologous fibrob-
lasts implanted in the basal forebrain. However, this
procedure did not enable to control the injected cells.
This limitation was overcome with the development
of encapsulated cell biodelivery. The first clinical trial
in AD patients using encapsulated NGF biodelivery

to the basal forebrain demonstrated that stereotactic
surgical implantation and removal of the encapsulated
NGF cells was safe, well tolerated, and feasible [14,
15]. Results showed that some of the patients had an
improvement in cognitive performance, EEG activity,
and in vivo nicotinic binding-sites assessed by PET.
However, no study to date has analyzed brain atrophy
in AD patients treated with NGF.

Brain atrophy in AD is at least in part the result
of a sequence of neuropathological changes starting
in the hippocampus and entorhinal cortex, spreading
later to other limbic structures, and eventually affecting
other parts of the cerebral cortex [16]. These macro-
scopic brain changes can be detected with structural
MRI. Two frequently used MRI markers for AD diag-
nosis and disease progression are whole brain atrophy
and hippocampal atrophy. Both markers correlate with
cognitive decline and show promise for assessing drug
efficacy [17, 18]. In this study we report the MRI results
of the first clinical trial in AD patients using encap-
sulated NGF biodelivery to the basal forebrain [14,
15]. The first aim was to describe structural brain char-
acteristics at baseline as well as longitudinal changes
at twelve months follow-up. The second aim was to
calculate normative values from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) dataset in order
to interpret these baseline results and longitudinal
changes. The third aim was to study the relationship
between brain atrophy and several outcome variables.
We hypothesized that improved cognition would be
related to less brain shrinkage. Moreover, patients with
less brain shrinkage would show better clinical pro-
gression, less cognitive decline, and better outcome on
cerebrospinal fluid (CSF) biomarker levels.

MATERIALS AND METHODS

Study design and NGF treatment

The study design is described in detail elsewhere
[14, 15]. Briefly, six mild to moderate AD patients
were enrolled and received the NGF treatment during
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12 months (see NGF cohort below). Prior to device
implantation, all patients underwent baseline evalu-
ations including medical examination, assessment of
somatic, neurological and psychiatric status, cognitive
tests, MRI, EEG, and PET studies, as well as blood and
CSF sampling. Following baseline assessments, the
patients were implanted stereotactically under general
anesthesia. The first three patients received single bilat-
eral encapsulated NGF implants targeting the nucleus
basalis of Meynert (Ch4 region). The other three
received double bilateral implants targeting the ver-
tical limb of the diagonal band (Ch2) in addition to
the Ch4 region. Stereotactic coordinates are detailed
elsewhere [15]. All patients were carefully monitored
during the clinical trial. Additional clinical, cognitive,
MRI, EEG, PET, and CSF evaluations were performed
at 3 and 12 months after implantation. The study was
approved by the Swedish Medical Products Agency
and ethical approval was obtained from the regional
human ethics committee of Stockholm. Both patient
and caregiver gave written informed consent prior to
study entry.

Participants

NGF cohort: Six patients were recruited from the
memory clinic at the Karolinska University Hospital
(Huddinge, Sweden) using the following inclusion cri-
teria: 1) NINCDS/ADRDA criteria for probable AD;
2) Clinical Dementia Rating scale (CDR) total score of
0.5 or 1; 3) Mini-Mental State Exam (MMSE) scores
between 15 and 24; 4) age between 50–80 years; 5)
patient community dwelling and living with a care-
giver; and 6) stable cholinesterase inhibitors (ChEI)
treatment for at least 3 months before enrollment and
remain on stable ChEI for the study period. Exclusion
criteria were ongoing medical and/or psychiatric con-
ditions treated with antipsychotic drugs. Stable doses
of other baseline medications were maintained. Note-
worthy, the diagnosis of AD was histopathologically
confirmed in five of the patients from cortical brain
biopsies obtained during the implantation procedure.
In one patient, biopsy only provided fibrotic tissue but
not neurons. Diagnosis on this patient was based on
core clinical criteria and supported by an AD profile
of pathological CSF and neuroimaging biomarkers.

ADNI cohort: Apart from the six patients described
above, we also included a group of AD patients
from the ADNI cohort. The ADNI was launched
in 2003 by the National Institute on Aging, the
National Institute of Biomedical Imaging and Bioengi-
neering, the Food and Drug Administration, private

pharmaceutical companies and non-profit organiza-
tions. It is a longitudinal multisite study including
over 50 universities and medical centers across the
United States and Canada [19]. The project was estab-
lished to develop standardized imaging techniques and
biomarker procedures in normal subjects and Mild
Cognitive Impairment and AD patients. For this study
we selected the group of AD patients scanned on
a 1.5T MRI system and with 12 months follow-up
MRI available, according to the recommendations
made by Wyman et al. [20]. Data were obtained
from the ADNI database (http://adni.loni.usc.edu/, PI
Michael M. Weiner). A detailed description of the
inclusion criteria can be found on the ADNI webpage
(http://www.adni-info.org). Diagnostic criteria for the
AD patients were largely the same as for the NGF
cohort: 1) NINCDS/ADRDA criteria for probable AD;
2) CDR of 0.5 or 1; 3) MMSE scores between 20 and
26; and 4) age between 55–90 years. Subjects were
excluded if they had any significant neurologic dis-
ease other than AD. Specific psychoactive medications
were excluded. Stable doses of other baseline med-
ications, ChEI among them, were permitted if listed
in the ADNI procedures manual (http://www.adni-
info.org/Scientists/ADNIStudyProcedures.aspx). The
ADNI was approved by the institutional review board
at each site. Informed consent was obtained from all
subjects.

Magnetic resonance imaging

Data acquisition: Protocols for MRI acquisition
were very similar for the NGF and ADNI patients.
The NGF patients were scanned on the same 1.5T
Magnetom Avanto MR scanner (Siemens, Erlangen,
Germany) at the Karolinska University Hospital (Hud-
dinge, Sweden). A three-dimensional T1-weighted
MPRAGE sequence was acquired in coronal plane
(TR/TE/TI = 2400/2.56/1000 ms; flip angle = 8◦; slice
thickness = 1.3 mm; FOV = 250 × 250 mm; matrix size
= 192 × 192). The ADNI patients were also scanned
with a 3D T1-weighted MPRAGE sequence, acquired
in the sagittal plane (TR/TE/TI = 2400/3/1000 ms; flip
angle = 8◦; slice thickness = 1.2 mm; FOV = 240 ×
240 mm; matrix size = 192 × 192). Full brain and skull
coverage was required and detailed quality control was
carried out on all MR images according to previously
published criteria [21, 22].

Data analysis: Cortical reconstruction and volumet-
ric segmentation were performed using the FreeSurfer
5.1.0 image analysis suite (http://surfer.nmr.mgh.harv
-ard.edu/). To extract reliable volume estimates,

http://adni.loni.usc.edu/
http://www.adni-info.org
http://www.adni-info.org/Scientists/ADNIStudyProcedures.aspx
http://surfer.nmr.mgh.harvard.edu/
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images were automatically processed with the longitu-
dinal stream [23]. An unbiased within-subject template
space and image was created for each participant using
robust, inverse consistent registration, including time
point one (Baseline) and time point two (12 months
follow-up) [24]. Image processing was then initial-
ized with common information from the within-subject
template, significantly increasing reliability and sta-
tistical power. Briefly, this processing includes: (1)
motion correction; (2) removal of nonbrain tissue [25];
(3) automated Talairach transformation; (4) segmen-
tation of the subcortical structures [26]; (5) intensity
normalization [27]; (6) tessellation of the gray matter
white matter boundary; (7) automated topology correc-
tion [28]; (8) surface deformation following intensity
gradients to optimally place the gray and/or white
and gray and/or CSF borders at the location where
the greatest shift in intensity defines the transition to
the other tissue class [29, 30]; (9) registration to a
spherical atlas [31]; (10) parcellation of the cerebral
cortex into units based on gyral and sulcal struc-
ture [32]; and (11) creation of a variety of surface
based data. This segmentation approach has previ-
ously been used for multivariate AD classification [33],
imaging-neuropsychological analysis [34], imaging-
genetic analysis [35], and biomarker discovery [36].
Data management and image processing was done
through TheHiveDB [37].

Visual quality control was performed on all output
data. All steps involving brain extraction, automated
Talairach transformation, tessellation, surfaces recon-
struction, and subcortical segmentation were carefully
checked. After image processing, volumetric measures
were taken from the segmentation routine and an index
of brain atrophy was calculated using the following
formula:

BV/CSF index = (total GM volume + total WM vol-
ume) / total CSF volume

BV stands for brain volume, which is the total vol-
ume of the gray matter (total GM volume) plus the
total volume of the white matter (total WM volume) in
the brain. CSF is the volume of the brain cerebrospinal
fluid (lateral ventricles + third ventricle + fourth ventri-
cle + sulcal cerebrospinal fluid). This index represents
brain volume in relation to total CSF volume at a given
time point (e.g., baseline) or longitudinally (e.g., dif-
ference between 12 months follow-up and baseline).
Both in normal aging and pathological conditions, the
volume of the brain tends to decline with time while
the CSF volume increases. Therefore, lower values
of the BV/CSF index represent greater brain atrophy
(cross-sectionally) or shrinkage (longitudinally). The

hippocampal volume for each patient was also ana-
lyzed, normalized to each subject’s intracranial volume
[38].

Outcome measures

The CDR [39] and Instrumental Activities of Daily
Living (IADL) scales [40] were applied for assessing
clinical and functional status, respectively. Cogni-
tion was evaluated using the MMSE [41] and the
Alzheimer’s disease Assessment Scale-cognitive sub-
scale (ADAS-Cog) [42]. Higher scores on the CDR,
IADL, and ADAS-Cog, and lower scores on the
MMSE represent worse performance.

Several biomarkers were measured in the CSF.
A�1-42 was included as a marker of brain amyloid-�
protein deposition. Total tau (T-tau) and neurofil-
aments light (NFL) were studied as markers of
neurodegeneration. The CSF samples were aliquoted
in polypropylene tubes and stored at −80◦C until
analysis. The Luminex xMAP technology using the
Inno-Bia AlzBio 3 kit (Innogenetics, Gent, Belgium)
was performed for the analysis of A�1-42 and T-tau
as described previously [43]. NFL was analyzed using
ELISA as described elsewhere [44].

Statistical analyses

Spearman’s rank correlations were conducted to
study relationships among variables. Wilcoxon signed-
rank test (Z) was used for the analysis of repeated
measures. The effect size (ES) was calculated by divid-
ing the Wilcoxon test statistic (i.e., Z) by the

√
sample

size [45]. ES values above 0.50 were considered large
according to Cohen’s benchmark. Means (and Stan-
dard Deviations) are presented in the results section.
Categorical variables were analyzed with the Chi-
square test. In all the analyses, p-values of p ≤ 0.05
were adjusted with the Bonferroni correction for mul-
tiple comparisons. All analyses were performed using
SPSS 20.0 for Mac.

RESULTS

Demographic and clinical characteristics at
baseline

The NGF cohort consisted of four women and two
men with a mean age of 62.2 (6.46) (Table 1). The
mean MMSE total score was 22.2 (1.83), with scores
between 19 and 24. CDR total scores were either 0.5
or 1. All patients were APOE �4/�4 homozygotes,
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Table 1
Demographic and clinical characteristics at baseline

NGF ADNI-Total NGF versus ADNI-matched NGF versus ADNI-matched
ADNI-total (p-value) (p-value)

Sample size, n 6 131 36
Age, mean (Sd) 62.2 (6.46) 74.8 (7.60) <0.001 67.4 (5.20) 0.084
range 55–73 55–89 55–72
Gender, n female 4 63 0.373 19 0.527
MMSE, mean (Sd) 22.2 (1.83) 23.4 (1.89) 0.139 22.4 (1.27) 0.838
range 19–24 20–26 20–24
CDR 0.5 or 1 0.5 or 1 0.985 0.5 or 1 0.999
APOE �4/�4 carriers, % 83 23 0.003 36 0.076
Duration of ChEI at inclusion 15 (6.93) na na

in months, mean (SD)

Bonferroni correction for five comparisons: p ≤ 0.010. ChEI, cholinesterase inhibitors; ADNI, Alzheimer’s Disease Neuroimaging Initiative;
APOE, Apolipoprotein E; CDR, Clinical Dementia Rating scale; NGF, nerve growth factor; MMSE, Mini-Mental State Examination; na,
non-available information.

except patient 6 who had the APOE �3/�3 genotype.
All patients had been treated with ChEI as concomitant
medication for a mean duration of 15 (6.93) months at
study start, and continued on stable treatment through-
out the study. Patient two was taking donepezil and
the other five patients were taking galantamine. Out
of the 133 AD patients available from the ADNI
dataset, two were excluded due to errors when pro-
cessing their MRI data. The remaining 131 ADNI AD
patients were significantly older than the NGF patients
(t(135) = −3.998; p < 0.001) (Table 1). In order to make
the groups comparable in age, ADNI patients beyond
the NGF age range of 55–73 years were excluded. Fur-
ther, ADNI patients with a MMSE total score higher
than 24 were also excluded to match the NGF group.
The final ADNI-matched subgroup included 36 AD
patients. This group was statistically comparable with
the NGF group in age, gender, MMSE, CDR total
score, and APOE genotype distribution (Table 1). It
was not possible to compare the duration of ChEI
at inclusion because that information was not avail-
able for the ADNI dataset. Nonetheless, 33 out of the
36 ADNI patients had stability in permitted baseline
medications, ChEI among them.

Definition of Responders and Non-responders
based on the MMSE

The NGF patients were grouped as responders and
non-responders to further evaluate the possible clini-
cal effect of the NGF treatment. This categorization
was made based on their 12-months change in the
MMSE total score. As standard cut-off, we used the
mean value of the 12-months change in MMSE from
the ADNI-matched subgroup, which was −2,72 (in
practice, a cut-off of −2 points was used, also coin-
ciding with the 12-months typical decline previously

described in AD ChEI-treated patients [46, 47]). NGF
patients one, four, and six showed decline equal or less
than 2 points and were thus considered responders. The
other three patients (two, three, and five) declined more
than −2 points and were considered non-responders
(Table 2). Following the same procedure, the ADNI-
matched subgroup was divided in two groups in order
to have specific control groups for responders and non-
responders (see responders ADNI control group and
non-responders ADNI control group in Supplementary
Table 1).

Additional MMSE assessments were also performed
at 12 months or more prior to the NGF treatment, as
well as 15, 19, and 27 months after device implantation.
Figure 1A shows the MMSE trajectories for responders
and non-responders. Pre-treatment MMSE trajectories
were comparable in both groups. However, responders
showed a clear improvement in MMSE during the NGF
treatment. This pattern was observed for ADAS-Cog
as well (Fig. 1B). After treatment, responders showed
slower rate of decline in MMSE and certain stabi-
lization at 19–27 months follow-up, as compared to
non-responders.

We also evaluated the possible effect of the number
of implants (two implants in Ch4 versus four implants
in Ch2 and Ch4). The relationship between response
to treatment and number of implants was not sig-
nificant (χ2 = 0.667; p = 0.414). Further, the number
of implants did not correlate with baseline values or
longitudinal changes of any of the demographic, neu-
roimaging, and outcome variables. Figure 1C shows
the MMSE trajectories for patients with two and four
implants and Fig. 1D and 1E show the percentage of
change in the BV/CSF index and hippocampal volume,
respectively. As both groups had mostly comparable
values, results in the next sections are presented regard-
less of the number of implants.
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Table 2
MMSE total score and BV/CSF index at baseline and change at 12-months follow-up

MMSE BV/CSF index

Cohort Baseline Absolute 12-months change Percentage of change Baseline Percentage of change

NGF patients 1 (R) 23 +4 +17% 15.5 −13%
2 19 −3 −16% 14.8 −19%
3 24 −9 −38% 20.7 −16%

4 (R) 21 −1 −5% 15.7 −21%
5 23 −9 −39% 31.0 −22%

6 (R) 23 −2 −9% 15.7 −11%
Mean (SD) 22.2 (1.83) −3.33 −15% 18.9 (6.30) −17%

ADNI-matched (n = 36) 22.4 (1.27) −2.72 −12% 22.1 (9.77) −14%
ADNI-total∗ (n = 131) 23.4 (1.89) −2.48 −11% 20.0 (9.13) −10%

Responders are marked with (R), according to their 12 months longitudinal change in the MMSE total score (equal or less than the −2.72
normative cut-off from the ADNI-matched cohort: patient 1 = +4; patient 4 = −1; patient 6 = −2). ∗Results for the ADNI-total sample are not
used in this study but are reported given their normative value; Absolute 12-months change = variation in MMSE points at 12 months follow-up;
Percentage of change = percentage of change at 12 months follow-up. ADNI, Alzheimer’s Disease Neuroimaging Initiative; BV/CSF index,
Brain volume/cerebrospinal fluid volume index; MMSE, Mini-Mental State Examination; NGF, nerve growth factor.

Fig. 1. Trajectories in Responders and Non-responders (A, B), and in patients with two implants and four implants (C-E). ADAS-Cog scores
are inverted in (B) in order to facilitate comparability with MMSE in (A) (lower score means worse performance). Hippocampal volume was
corrected by the total intracranial volume before calculating the percentage of change to account for between-individuals differences.

Brain atrophy in Responders and Non-responders

At baseline, the BV/CSF index was lower in
responders (15.6 ± 0.12), compared to non-responders
(22.2 ± 8.20) (Table 3 and Fig. 2A). Responders were

thus initially more severely affected as evaluated
by degree of MRI atrophy, although variability was
greater among the non-responders. This pattern was
inversed for the ADNI control groups: at baseline,
the BV/CSF index was lower in the non-responders
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Table 3
Demographic, clinical, cognitive, and neuroimaging variables, and CSF biomarkers in Responders and Non-responders

Responders Non-responders

Baseline Percentage of change Baseline Percentage of change

Group size, n 3 – 3 –
Age 60.0 (5.00) – 64.3 (8.08) –
Gender, n female 2 – 1 –
MMSE 22.3 (1.15) +2% 22.0 (2.65) −32%
AD diagnosis, y 1.7 (1.15) – 1.7 (0.58) –
ChEI, months 14.7 (5.51) – 15.3 (9.45) –
CDR, 0.5/1 2/1 – 1/2 –
CDR-SOB 3.5 (0.87) +24% 4.2 (1.44) +128%
IADL 11.0 (2.00) +42% 17.0 (3.61) +49%
ADAS-Cog 26.7 (6.43) +7% 27.3 (0.58) +70%
BV/CSF index 15.6 (0.12) −15% 22.2 (8.20) −19%
Hippocampus 0.0034 (0.0004) −4% 0.0034 (0.0004) −4%
A�1-42 (pg/mL) 162.3 (43.98) +2% 139.7 (24.70) −11%
T-tau (pg/mL) 161.0 (15.72) +5% 115.0 (56.79) −41%
NFL (pg/mL) 286.7 (87.37) +16% 125.0 (0) +45%

Mean (Sd) is presented for all the variables except for gender and CDR, where number of females and CDR0.5/CDR1 is reported instead. Hip-
pocampus volume was corrected by the total intracranial volume to account for between-individual differences; Percentage of change = percentage
of change at 12 months follow-up. A�1-42, amyloid-�-peptide 1-42; ChEI, cholinesterase inhibitors; AD, Alzheimer’s disease; ADAS-Cog,
Alzheimer’s disease Assessment Scale-cognitive subscale; BV/CSF index, Brain volume/cerebrospinal fluid volume index; CDR, Clinical
Dementia Rating scale; CDR-SOB, Clinical Dementia Rating scale–sum of boxes; IADL, Instrumental Activities of Daily Living; MMSE,
Mini-Mental State Examination; T-tau, Total level of tau protein; pg/mL, picograms per milliliter.

Fig. 2. BV/CSF index in Responders and Non-responders. A) NGF cohort in black; ADNI cohort in gray; Responders and Responders ADNI
control group in solid lines; Non-responders and Non-responders ADNI control group in pointed lines. B) Responders in solid lines; Non-
responders in pointed lines; Patient one in solid black, patient two in pointed light gray, patient three in pointed dark gray, patient four in solid
dark gray, patient five in pointed black, and patient six in solid light gray; The arrows shows the normative cut-off calculated from the responders
ADNI control group and the non-responders ADNI control group.
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ADNI control group (19.9 ± 7.47) compared to the
responders ADNI control group (24.12 ± 11.27) (Sup-
plementary Table 1 and Fig. 2A). On average, the six
NGF patients had a mean BV/CSF index of 18.9 (6.30)
at baseline. At follow-up this value declined to 15.6
(4.67), reaching statistical significance (Z = −2.201;
p = 0.028; ES = −0.90). Interestingly, responders
showed slower decline than non-responders in the
BV/CSF index (Table 3, Fig. 2A, C), while the ADNI
control groups showed similar decline (Supplementary
Table 1, Fig. 2A, C). Moreover, decline in responder
patients one and six was above the standard cut-off cal-
culated from the ADNI control group (Fig. 2B). On the
contrary, all non-responders showed a percentage of
change below this standard cut-off (Fig. 2B). Regard-
ing hippocampal volume, both groups had the same
mean volume at baseline and percentage of change at
follow-up (Table 3).

Normative values of the BV/CSF index for the
ADNI-total sample (n = 131) are presented in Table 2.
At baseline, the BV/CSF index had a mean value of
20.0 (9.13). At follow-up, this value declined to 18.0
(8.30), corresponding to a percentage of change of
10%, and reaching statistical significance (Z = −9.772;
p < 0.001; ES = −0.85).

Clinical variables, cognition, and CSF biomarkers
in Responders and Non-responders, and
correlation with brain atrophy

Table 3 shows the results for the CDR sum-of-
boxes, IADL, ADAS-Cog, A�1-42, T-tau, and NFL.
At baseline, responders showed qualitatively less
clinical severity and biomarker pathology. In partic-
ular, responders exhibited less clinical and functional
impairment according to CDR-SOB and IADL, and
showed higher level of A�1-42. On the contrary, they
also showed higher levels of T-tau and NFL.

At follow-up, responders declined less on the
CDR sum-of-boxes, IADL, ADAS-Cog, and A�1-42,
and showed less increase in NFL compared to non-
responders. In contrast, they showed more increase
in T-tau. When analyzing the longitudinal changes
in the six NGF patients as a group, no significant
changes were observed once the Bonferroni correc-
tion was applied (p ≤ 0.008 for six comparisons).
Nonetheless, some trends were observed in the CDR
sum-of-boxes and IADL (CDR-SOB: Z = −2.214;
p = 0.027; ES = −0.90; AIDL: Z = −2.207; p = 0.027;
ES = −0.90).

Baseline BV/CSF index did not correlate with any
other baseline measure. On the other hand, it did

significantly correlate with longitudinal changes in
A�1-42 (r = −0.943; p = 0.005) (Fig. 3A). Patients
with greater brain atrophy at baseline (mostly respon-
ders) showed less worsening in A�1-42. Furthermore,
longitudinal changes in the BV/CSF index signifi-
cantly correlated with longitudinal changes in T-tau
(r = 0.943; p = 0.005) (Fig. 3B), and showed a trend
for the IADL at baseline (r = −0.816, p = 0.019),
and longitudinal changes in the CDR sum-of-boxes
(r = −0.912; p = 0.011) (p ≤ 0.008 after Bonferroni
correction) (Fig. 3C, D). The pattern of correlations
indicates that patients with less longitudinal brain
shrinkage (mostly responders) were more function-
ally preserved (IADL) at baseline and experienced less
worsening in disease severity at the follow-up (CDR-
SOB). Moreover, they showed stability in T-tau levels.

DISCUSSION

In this study, MRI results are presented from the first
clinical trial performed in AD patients using encapsu-
lated NGF biodelivery to the basal forebrain. Patients
were grouped as responders and non-responders
according to their twelve-months change on the MMSE
total score. At baseline, responders showed better clin-
ical status according to the CDR-SOB and IADL,
and less pathological levels of A�1-42. However, they
showed more brain atrophy and neuronal degeneration
as evidenced by lower BV/CSF index and increased
T-tau and NFL levels. Despite this unfavorable initial
profile, responders showed considerably better clin-
ical progression as demonstrated by the CDR-SOB,
IADL, and ADAS-Cog. According to our definition of
response to treatment, responders also showed notice-
ably better progression in the MMSE total score.
Moreover, they showed less brain shrinkage at follow-
up, stability in both A�1-42 and T-tau, and less increase
in NFL levels.

The fact that responders had more brain atrophy
and neuronal degeneration at baseline, but at the
same time better clinical status, poses an interesting
contradiction. This demarcation between pathophys-
iological severity and the clinical manifestation of
the disease has previously been attributable to brain
resiliency or reserve (e.g., cognitive reserve, brain
reserve) [48]. The concept of reserve can be under-
stood as the ability to tolerate higher levels of brain
injury without exhibiting or exhibiting less clinical
symptoms. Therefore, in this study responders might
have more reserve. The fact that responders showed
less brain shrinkage, less clinical worsening, and less
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Fig. 3. Correlation between the BV/CSF index and clinical variables, cognition and CSF biomarkers. Y-axis in Figure A, B, and D represents
differences (follow-up minus baseline); Y-axis in Figure C represents raw scores in IADL; X-axis represents values in the BV/CSF index at
baseline in Figure A, and differences (follow-up minus baseline) in BV/CSF index values in Figure B, C, and D; BL, baseline.

marked CSF biomarker changes at the follow-up sup-
ports this hypothesis. Likewise, ADNI patients with
better progression in MMSE had less brain atrophy at
baseline. It may be argued that responders showed less
brain shrinkage because they were more atrophied at
baseline and thus had less potential range for deteriora-
tion. However, their rate of shrinkage was comparable
to the one exhibited by the respective ADNI control
group, which had less brain atrophy from the beginning
(see Fig. 2A). One may also argue that higher reserve
per se and not response to treatment might be the
main explanation for the trajectories obtained on brain
atrophy and the outcome variables. However, it is not
likely that the improvement in MMSE obtained in this
study is exclusively explained by higher reserve in the
responders. For example, years of education, a proxy

of cognitive reserve [48], was not correlated with either
baseline or longitudinal changes in MMSE, both in the
NGF patients and the ADNI-matched subgroup (Sup-
plementary Table 1). Given these results, it is tempting
to speculate that the biological mechanisms involved
in brain resiliency, together with environmental influ-
ences and other protective factors such as younger age
in responders, may have had a positive role facilitat-
ing some treatment effect in responders. For instance,
responder patient four had high education and intel-
ligence quotient, was relatively young (57 years old),
and was in good health with no comorbidity and no
other medication than the anti-dementia drug.

Our definition of responders and non-responders
was based on twelve-month change in the MMSE total
score. As standard cut-off, we used the same value from
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a subgroup of ADNI AD patients comparable in age,
gender, MMSE, disease severity (CDR), and APOE
�4/�4 distribution. The standard cut-off was set at −2
points. This cut-off is also supported by other studies
including AD patients treated with ChEI. For instance,
declines of −2.6 and −4 points have been reported
after 2 years of donepezil treatment [46, 47], and
declines of −6.4 points after 3 years of rivastigmine
treatment [49]. Moreover, these figures are confounded
by the typical initial improvement in MMSE perfor-
mance after treatment beginning. Thereafter, treated
patients decline at similar rates than a placebo group
(minimum 2 points per year) [46]. In this regard,
the inclusion criteria in our study required patients
to have stable treatment before enrollment. Figure 1
shows the MMSE trajectories for responders and non-
responders. As shown, after comparable pre-treatment
trajectories responders had a clear improvement in the
MMSE during the NGF treatment, with slower rate
of decline and certain stabilization at 19–27 month
follow-ups, as compared with non-responders. Two
aspects incline us to speculate that these trajectories
in MMSE might be more related to the NGF treatment
than to ChEI use. First, our patients should already
have reached the stable stage of ChEI treatment bene-
fit, and moreover, changes in MMSE perfectly coincide
with implantation. This is supported by the responders’
pre-NGF slope and the inflection point shown in Fig. 1.
Second, the main clinical trials on ChEI demonstrate
that treatment with ChEI only manage to moderately
modify the decline in MMSE [46, 47]. To our knowl-
edge, the MMSE trajectory showed by the responders
in this study has not been previously described in AD
patients treated with ChEI. Alternatively, our findings
could be due to chance, placebo effect, or rater bias.
However, the MMSE changes in this cohort are asso-
ciated with a variety of biological markers. Previous
results from these six patients show an association
between improved cognition and increased EEG activ-
ity and nicotine binding assessed by PET [14], with
these markers less prone to chance, placebo effect, or
rater bias. Tuszynski and co-workers [13] also demon-
strated an improvement in MMSE score and cerebral
glucose metabolism after NGF delivery in AD patients.
MRI results from automatic segmentation tools (such
as the one applied in this study) are also free of rater
bias, placebo effect, or chance. Due to this reason, MRI
has become a common outcome measure in clinical
trials [50].

To our knowledge, this is the first study reporting
longitudinal brain changes in AD patients treated with
encapsulated NGF producing cells. We also propose

the BV/CSF index as a useful marker of global brain
atrophy and longitudinal shrinkage. Noteworthy, we
report normative values for this index from the ADNI
study, worldwide reference for studying biomarkers
of AD. Brain atrophy in the ADNI-total AD sample
(n = 131) is 19.95 (9.13) at baseline and the twelve-
months percentage of shrinkage is −10%. These values
are presented in Table 2 for their normative use. Using
the cut-off calculated from the respective ADNI control
group, we found that the rate of shrinkage was slower
in two of the three responders. The other responder
patient had the lowest percentage of change in brain
volume (also below the ADNI control cut-off), but
had the highest CSF volume increase (Supplementary
Fig. 1). This patient was the one with more years of
education and higher intelligence quotient, two prox-
ies of cognitive reserve [48]. However, this patient
had presented disease symptoms during only one year.
This is consistent with recent studies showing that high
reserve may primarily influence the ability to tolerate
AD pathophysiology for a longer period of time, but
may also be associated with rapid decline after a “tip-
ping point” is reached and compensatory mechanisms
begin to fail [51, 52].

The cholinergic neurons located at the basal fore-
brain have wide projections to the cerebral cortex and
the hippocampus [53, 54]. Given that neurons located
in the vertical limb of the diagonal band (Ch2) directly
project to the hippocampus, we determined whether
the three patients with implants in Ch2 and Ch4 had
less hippocampal decline than those with implants
only in Ch4. However, both groups showed the same
rate of hippocampal atrophy. In addition, as com-
mented above, responders exhibited less global brain
shrinkage at follow-up compared to non-responders,
but hippocampal atrophy was similar in both groups.
Therefore, the results of this study suggest a more
widespread response in the brain, consistent with wide
cerebral projections, rather than a specific reaction lim-
ited to the hippocampus. The fact that the Ch2 region is
usually less affected in AD than the Ch4 region could
explain this result [55].

The main limitation of this study is the small number
of patients in the NGF cohort. The exceptional charac-
teristics of the encapsulated NGF therapy make this
method subject to strict regulatory and ethical con-
ditions at this phase of the research. Acknowledging
this, we carefully designed the statistical approach and
performed a rigorous analysis of the data. We also
included the ADNI-matched subgroup in order to have
a widely accepted external reference to support the
evaluation of longitudinal changes in MMSE and the
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BV/CSF index. A control group from the same center
was not included in the clinical trial because the pri-
mary objective was to explore procedures’ safety and
tolerability [14, 15]. Although using the ADNI group
may decrease the direct comparability of results, it has
other advantages such as counting on a substantially
bigger sample for the calculation of normative values.
Noteworthy, the diagnosis of AD was histopatholog-
ically confirmed in five of the six NGF patients and
inclusion criteria allowed us to recruit a quite homo-
geneous group of patients in terms of demographic,
clinical, and biomarker characteristics. These aspects
make it possible to reduce sample size in clinical trials
[56, 57]. In addition, the pattern of findings presented
here is coherent itself and also with previous reports
from the same cohort [14, 15]. Nonetheless, these
results must be interpreted with caution and confirmed
in larger studies. A second drawback in this study is
the non-expected T-tau concentration at the follow-
up. Non-responders showed a decrease of −31% in
T-tau, while responders remained basically stable.
Nevertheless, this percentage is confounded by non-
responder patient five. This patient showed decreased
T-tau (−67%) but increased NFL (+108%), which is
contradictory because both measures should change
in the same direction (see Supplementary Fig. 2).
Given that the other two non-responders showed sta-
bility in T-tau levels, and that longitudinal changes
in T-tau were not significant either in non-responders
(Z = −1.604; p = 0.109), or in the six NGF patients as
a group (Z = −0.420; p = 0.674), stability in T-tau lev-
els in non-responders seems to be a more appropriate
interpretation. Other limitation is that, although our
results might be explained by factors related to brain
resiliency (e.g., cognitive reserve), a bigger sample as
well as other proxies of cognitive reserve (e.g., engage-
ment in social and intellectual activities, etc.) and brain
reserve (e.g., status of functional brain networks) are
needed to profoundly test this hypothesis. Finally, pos-
sible response to treatment was based on the MMSE
given that clinical progression and cognitive perfor-
mance is one of the main outcome measures in current
clinical trials. Since MMSE is a crude measure of cog-
nition, the use of other outcome measures could have
been more robust. Of note is that the ADAS-Cog results
were in line with the MMSE changes in each individual
patient. In this study we propose MRI as a more robust
outcome measure. Results on MRI were associated
with clinical progression and MRI is less prone to bias
than assessment of cognitive performance. Besides the
anticipated structural brain response, the inclusion of
the functional MRI-resting state modality in future

studies of this kind may be of great interest to analyze a
possible response in brain connectivity. In addition, we
are currently working on alternative outcomes based on
cholinergic CSF biomarkers.

In conclusion, we have previously demonstrated
that deep brain implantation of encapsulated NGF-
producing cells is feasible, safe, and well tolerated
by AD patients [14, 15]. Moreover, improved cogni-
tion was accompanied with improvement in nicotine
binding and EEG activity in a subset of the six AD
patients also included in the current study [14]. In this
study, improved cognition was also associated with less
brain atrophy. Moreover, this slower rate of brain atro-
phy was positively related with clinical progression,
cognitive decline, and CSF biomarker progression.
These results support the idea that encapsulated biode-
livery of NGF might have the potential to become
a new treatment strategy for AD with both symp-
tomatic and disease-modifying effects. Although this
strategy is probably not suitable for all AD patients, it
may become an option for those AD patients that are
younger, have mild clinical and cognitive impairment,
and high cognitive or brain reserve. We also tested the
usefulness of the BV/CSF index for monitoring brain
longitudinal changes. We believe that this BV/CSF
index may be a useful outcome measure not only for
future clinical trials, but also for any research where a
marker of brain atrophy and shrinkage is needed. It can
be used in other neurological conditions and, interest-
ingly, given its simplicity, it could be easily applied in
clinical routine for monitoring dementia progression,
stratifying patients according to their degree of brain
atrophy, or staging the disease based on a MRI marker.
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Memantine in moderate to severe Alzheimer’s disease: A
meta-analysis of randomised clinical trials. Dement Geriatr
Cogn Disord 24, 20-27.

[5] Hefti F (1986) Nerve growth factor promotes survival of septal
cholinergic neurons after fimbrial transections. J Neurosci 6,
2155-2162.

[6] Fischer W, Wictorin K, Björklund A, Williams L, Varon S,
Gage F (1987) Amelioration of cholinergic neuron atrophy
and spatial memory impairment in aged rats by nerve growth
factor. Nature 329, 65-68.

[7] Conner J, Franks K, Titterness A, Russell K, Merrill D,
Christie B, Sejnowski T, Tuszynski M (2009) NGF is essen-
tial for hippocampal plasticity and learning. J Neurosci 29,
10883-10889.

[8] Hefti F, Mash D (1989) Localization of nerve growth fac-
tor receptors in the normal human brain and in Alzheimer’s
disease. Neurobiol Aging 10, 75-87.

[9] Mufson EJ, Counts SE, Perez SE, Ginsberg SD (2008) Cholin-
ergic system during the progression of Alzheimer’s disease:
Therapeutic implications. Expert Rev Neurother 8, 1703-
1718.

[10] Olson L, Nordberg A, von Holst H, Bäckman L, Ebendal
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Juliusson B, Söderman M, Selldén E, Seiger Å, Eriksdotter-
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roso J (2014) Cognitive decline is mediated by gray matter
changes during middle age. Neurobiol Aging 35, 1086-
1094.

[35] Liu Y, Paajanen T, Westman E, Zhang Y, Wahlund L-O, Sim-
mons A, Tunnard C, Sobow T, Proitsi P, Powell J, Mecocci
P, Tsolaki M, Vellas B, Muehlboeck S, Evans A, Spenger C,
Lovestone S, Soininen H (2010) APOE �2 allele is associated
with larger regional cortical thicknesses and volumes. Dement
Geriatr Cogn Disord 30, 229-237.

[36] Thambisetty M, Simmons A, Hye A, Campbell J, Westman
E, Zhang Y, Wahlund L-O, Kinsey A, Causevic M, Killick R,
Kloszewska I, Mecocci P, Soininen H, Tsolaki M, Vellas B,
Spenger C, Lovestone S (2011) Plasma biomarkers of brain
atrophy in Alzheimer’s disease. PLoS One 6, e28527.

[37] Muehlboeck J-S, Westman E, Simmons A (2014) TheHiveDB
image data management and analysis framework. Front Neu-
roinform 7, 49.

[38] Westman E, Aguilar C, Muehlboeck J-S, Simmons A (2013)
Regional magnetic resonance imaging measures for multi-
variate analysis in Alzheimer’s disease and mild cognitive
impairment. Brain Topogr 26, 9-23.

[39] Morris JC (1993) The Clinical Dementia Rating (CDR): Cur-
rent vision and scoring rules. Neurology 43, 2412-2414.

[40] Lawton M, Brody E (1969) Assessment of older people:
Self-maintaining and instrumental activities of daily living.
Gerontologist 9, 179-186.

[41] Folstein MF, Folstein SE, McHugh PR (1975) Mini-mental-
state. A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-198.

[42] Mohs R, Knopman D, Petersen R, Ferris S, Ernesto C, Grund-
man M, Sano M, Bieliauskas L, Geldmacher D, Clark C,
Thal L (1997) Development of cognitive instruments for
use in clinical trials of antidementia drugs: Additions to the
Alzheimer’s Disease Assessment Scale that broaden its scope.
The Alzheimer’s Disease Cooperative Study. Alzheimer Dis
Assoc Disord 11, S13-S21.

[43] Olsson A, Vanderstichele H, Andreasen N, De Meyer G,
Wallin A, Holmberg B, Rosengren L, Vanmechelen E,
Blennow K (2005) Simultaneous measurement of beta-
amyloid(1-42), total tau, and phosphorylated tau (Thr181) in
cerebrospinal fluid by the xMAP technology. Clin Chem 51,
336-345.

[44] Rosengren LE, Wikkelso C, Hagberg L (1994) A sensitive
ELISA for glial fibrillary acidic protein: Application in CSF
of adults. J Neurosci Methods 51, 197-204.

[45] Field A (2005) Discovering statistics using SPSS, SAGE pub-
lications, London.

[46] Courtney C, Farrell D, Gray R, Hills R, Lynch L, Sell-
wood E, Edwards S, Hardyman W, Raftery J, Crome P,
Lendon C, Shaw H, Bentham P, AD2000 Collaborative,
Group (2004) Long-term donepezil treatment in 565 patients
with Alzheimer’s disease (AD2000): Randomised double-
blind trial. Lancet 363, 2105-2115.

[47] Wallin AK, Andreasen N, Eriksson S, Båtsman S, Nasman B,
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