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Abstract
Objective: Alzheimer’s disease (AD) is considered an age-related disorder. However, it is unclear if
AD induces the same pathological and neurophysiological modifications in synaptic functions
independently from age of disease onset. We used transcranial magnetic stimulation tools to investigate
the mechanisms of cortical plasticity and sensory-motor integration in AD patients with a wide range of
disease onset.
Methods: We evaluated newly diagnosed sporadic AD (n=54) in comparison with healthy agematched controls (HS n=24). Cortical plasticity mechanisms of long-term potentiation (LTP) or of
long-term depression (LTD) were assessed using respectively intermittent (iTBS) or continuous theta
burst stimulation (cTBS) protocols. Sensory-motor integration was evaluated by means of short
afferent inhibition (SAI) protocol.
Results: AD patients show after iTBS an impairment of LTP-like cortical plasticity forming a
paradoxical LTD in comparison to HS. LTD-like cortical plasticity is similar between AD and HS.
LTP-like cortical plasticity is not associated with age, but AD patients presenting with more altered
LTP-like cortical plasticity have more severe cognitive decline at 18 months. SAI is impaired in AD
and shows a strong association with the individual age of subjects rather than with disease age of onset.
Interpretation: Cortical LTP disruption is a central mechanism of AD that is independent from age of
onset. AD can be described primarily as a disorder of LTP-like cortical plasticity not influenced by
physiological ageing and associated with a more severe cognitive decline.

2

Introduction
Albeit typically considered an age-related disorder, in the last years there has been a growing interest in
the early detection of Alzheimer’s disease (AD) with the development of new biomarkers and genetic
techniques. This increasingly awareness about Early Onset Alzheimer’s Disease (EOAD) is raising
from demographic and social issues, since these patients start to complain their first cognitive
symptoms when they still are a mainstay within the society, thus representing a huge burden to health
and economic system. EOAD conventionally indicates patients with onset of AD before 65 years of
age1, while AD patients with a more common disease onset >65 years of age can be classified as Late
Onset AD (LOAD)1. Despite pathological studies seem to indicate that EOAD and LOAD share the
same features and represent a continuum of the same pathological process, it is still debated whether
EOAD and LOAD clinically manifest the same neuropsychological symptoms2, 3, 4, 5 or are
characterized by the same imaging patterns6, 7, 8. However, this cutoff point is considered arbitrary since
it is rather due to sociological/demographic aspects and it has no specific biological significance.1
In the recent years transcranial magnetic stimulation (TMS) has been employed to investigate key
neurophysiologic and pathophysiologic aspects of AD patients in vivo9, 10, 11. Several studies using
TMS have claimed the presence of abnormalities in cortical reactivity, plasticity and connectivity in
AD patients. One of the most consistent finding is a relative impairment of short-latency afferent
inhibition (SAI), a protocol that measures sensory-motor integration that is partially mediated by
central cholinergic transmission and it is commonly found altered in patients with AD12. Nevertheless,
SAI is known to be reduced by aging in healthy controls13, 14, thereby questioning whether this
neurophysiological marker may be specific for AD. Recently, abnormalities of cortical plasticity have
been demonstrated in AD using repetitive TMS. These studies were based on the strong evidence
obtained by electrophysiological recordings in AD animal models15, 16 showing that cortical plasticity is
dampened by Aβ peptides and tau proteins; in particular these molecules are able to disrupt
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hippocampal long-term potentiation (LTP), an electrophysiological correlate of learning and memory
and to increase long term depression (LTD), which has been related to increased apoptosis15, 16.
According to this background, we recently found, using protocols of theta burst stimulation (TBS), that
LTP-like cortical plasticity is abolished or even pathologically reverted towards LTD in AD patients,
while LTD is preserved or even enhanced11,17. Here we used these TMS methods to compare
neurophysiological markers of sensory-motor integration (assessed by SAI) and cortical plasticity
(assessed by TBS) in AD patients with a wide range of disease onset, from early to late age of onset.
We hypothesized that altered cortical plasticity should be a common feature of AD independently from
age of onset, while the impairment of SAI would be more sensitive to the underlying mechanisms of
aging13, 14.

Methods
Subjects
Fifty-four consecutive patients (ranged 55-80 years, median 68.5) were recruited at the memory clinic
of the University Hospital Tor Vergata, admitted for complaining memory symptoms. Patients fulfilled
the clinical criteria of dementia as defined by the DSM-IV and probable or possible AD according to
the criteria of the National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s disease and Related Disorders Association18. Disease duration was calculated using
standardized semi structured questions19. After the first visit to our Centre, all patients underwent for
diagnostic purposes a complete clinical investigation in a period not superior to 60 days, including
medical history, neurological examination, Mini-Mental State Examination (MMSE), a complete blood
screening, neuropsychological assessment including the following cognitive domains: general cognitive
efficiency: MMSE20,21; verbal episodic long-term memory: Rey auditory verbal long term memory (15Word List Immediate and 15-min Delayed recall)22; visuo-spatial abilities and visuo-spatial episodic
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long-term memory: Complex Rey’s Figure (copy and 10-min Delayed recall)23; executive functions:
phonological word fluency24; analogic reasoning: Raven’s Colored Progressive Matrices24. Patients
underwent also a neuropsychiatric evaluation, magnetic resonance or CT imaging, PET/CT, and lumbar
puncture for CSF analysis (Table 1). Exclusion criteria were the following: patients with isolated
deficits, with clinically manifest acute stroke in the last 6 months showing a Hachinsky scale score >4,
and a radiological evidence of ischemic lesions, Aβ1-42 CSF values >600 pg/mL.
Neurophysiological examinations were performed at the Santa Lucia Foundation within 30 days from
CSF sampling. In the 90 days prior to TMS evaluation, none of the patients were treated with drugs that
could have modulated cerebral cortex excitability such as Acetylcholinesterase inhibitors (AChEI)10,
antidepressants or any other neuroactive drugs (i.e. benzodiazepines, anti-epileptic drugs or
neuroleptics). After the neurophysiological assessment all patients started treatment with rivastigmine
patch (n=26) or donepezil (n=28) and were followed longitudinally with clinical assessments and
MMSE testing at 6, 12 and 18 months. Twenty-four age, sex- and education-matched healthy subjects
(HS) (ranged 58-73 years, median 67) were recruited as controls. All participants or their legal
guardian provided written informed consent after receiving an extensive description of the study. The
study was performed according to the Declaration of Helsinki. The ethics committee of the Santa Lucia
Foundation IRCSS approved this protocol (Prot. CE/AG4/PROG.392-08).

CSF biomarkers analysis
The first 12 mL of CSF were collected in a polypropylene tube and directly transported to the local
laboratory for centrifugation at 2000×g at +4°C for 10 minutes. The supernatant was pipetted off,
gently stirred and mixed to avoid potential gradient effects, and aliquoted in 1 mL portions in
polypropylene tubes that were stored at −80°C pending biochemical analyses, without being thawed
and re-frozen. CSF t-tau and p-tau phosphorylated at Thr181 concentrations were determined using a
5

sandwich ELISA (Innotest hTAU-Ag, Innogenetics, Gent, Belgium). Aβ1-42 levels were determined
using a sandwich ELISA (Innotest® ß- amyloid (1–42), Innogenetics, Gent, Belgium), specifically
constructed to measure Aβ-amyloid containing both the first and 42nd amino-acid, as previously
described25.

Transcranial magnetic stimulation
All patients and healthy controls underwent continuous TBS (cTBS), intermittent TBS (iTBS) and SAI
protocols in three different sessions, with at least a three day interval between each session. The order
of the sessions was pseudo-randomized across patients and healthy controls. Motor evoked potentials
(MEP) were recorded from the right first dorsal interosseous muscle using 9 mm diameter, Ag–AgCl
surface cup electrodes. Responses were amplified with a Digitimer D360 amplifier (Digitimer Ltd, UK)
and filtered (20 Hz-2 kHz), then recorded by computer using SIGNAL software with a sampling rate of
5 kHz per channel (Cambridge Electronic Devices, UK). A monophasic Magstim 200 device (Magstim
Co, UK) was used to define the motor hot spot and to assess MEP size using standard 70 mm figure-ofeight shaped coil. The motor hot-spot was defined as the location where monophasic TMS pulses
consistently produced the largest MEP size at 120% of resting motor threshold (RMT) in the target
muscle. RMT was defined as the minimum stimulus intensity that produced motor evoked response of
50 µV in at least 5 of 10 trials at rest26.
A second coil was connected to a biphasic Super Rapid Magstim stimulator (Magstim Co, UK) to
deliver TBS. The active motor threshold (AMT) was defined as the minimum stimulus intensity that
produced a liminal motor evoked response (about 200 μV in 50% of trials) during isometric contraction
of the tested muscle at about 10% of maximum force as measured through a manual transducer.
In the cTBS protocol bursts at 80% AMT were repeated at 5 Hz (i.e. every 200 milliseconds), while
each burst consisted of three stimuli repeating at 50 Hz, for 40 seconds (600 pulses). In the iTBS
6

protocol, a 2 second train of TBS was repeated 20 times, every 10 seconds for a total of 190 seconds
(600 pulses)27. The iTBS and cTBS protocols were tested after a period of relaxation of the target
muscle. The change in corticospinal excitability produced by each intervention was assessed by
measuring the amplitude of the MEP response to a standard test pulse that remained constant
throughout the experiment. In each subject the intensity of the test pulse was individually adjusted at
the start of the experiment to produce a stable MEP of 1 mV with the subject at rest. Twenty MEPs
were collected and averaged at baseline. Then, over the same hot-spot, twenty MEPs were recorded at
1-5, 6-10, 11-15, 16-20 and 21-25 minutes after TBS and averaged. The inter-trial interval was set at 5
seconds (±10%) for individual MEPs within each block.
SAI was studied using the technique that has been recently described28, 29. Conditioning stimuli were
single pulses (200 μs) of electrical stimulation applied through bipolar electrodes to the right median
nerve at the wrist (cathode proximal). The intensity of the conditioning stimulus was set at just over
motor threshold for evoking a visible twitch of the thenar muscles. The intensity of the test cortical
magnetic stimulus was adjusted to evoke a MEP in the relaxed right first dorsal interosseous with
amplitude of approximately 1 mV peak to peak. For N20 recordings cup electrodes were placed over
the centroparietal contralateral position keeping the Fz as the reference (International 10–20 system).
Electrical median nerve stimulation was applied at the right wrist at 2 Hz. The latency of the N20
component of somatosensory evoked potential was determined by averaging 200 trials.

The

conditioning stimuli to the peripheral nerve preceded the magnetic test stimulus by different
interstimulus intervals (ISIs), ranging from -4 to +8 milliseconds from the N20 in steps of 4
milliseconds30. Ten paired stimuli were delivered at each ISI. The subject was given audiovisual
feedback at high gain to assist in maintaining complete relaxation. The inter-trial interval was set at 5
seconds (±10%), for a total duration of approximately five minutes. Measurements were made on each
individual trial. The mean peak-to peak amplitude of the conditioned motor evoked potential at each
7

ISI was expressed as a percentage of the mean peak-to-peak amplitude size of the unconditioned test
pulse in that block.

Data analysis
Data were analyzed using SPSS for Windows version 11.0. For TMS experiments, two-way repeated
measure ANOVAs were performed on MEP amplitude expressed as percentage of change in
comparison to baseline for each TBS protocol (cTBS and iTBS) with TIME (1–5, 6–10, 11–15,16–20,
and 21–25 min after TBS) as within subjects factors and GROUP (AD and HS) as between subjects
factor. For SAI the electrophysiological parameters of AD patients were compared by means of
repeated measures ANOVA with ISI (−4, 0, +4 and +8 milliseconds plus the latency of the N20) as
within subject factors and GROUP (AD and HS) as between subjects factor. The Greenhouse-Geisser
correction was used for non-spherical data. Mauchley’s test examined for sphericity. When a
significant main effect was reached, paired t-tests with Bonferroni correction were employed to
characterize the different effects of the specific ISIs. Pearson’s r coefficient was first used in univariate
correlations in order to explore any influence the age could have on the individual amount of mean
change across all time intervals induced by the iTBS and cTBS protocols and by SAI protocol at
ISI=+4 in all subjects (AD patients and HS). In a second step, a multiple linear regression model was
constructed for each protocol (iTBS, cTBS, SAI) to better characterize the relationship between each
neurophysiological measure with age and disease as covariates in all subjects (AD patients and HS).
We also performed Spearman only in AD patients correlation analyses between cognitive decline (delta
score with baseline evaluation) and iTBS and cTBS induced cortical plasticity (individual mean value)
and SAI protocol at ISI=+4. Furthermore, a multiple linear regression analysis was constructed in AD
patients for each neurophysiological parameter (iTBS, cTBS, SAI) to determine their association with
age, cognitive decline and disease duration. Correlation analyses were corrected for multiple
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comparisons. Coefficients with standard error (SE), and 95% confidence interval (CI) were provided.
A p value of < 0.05 was considered statistically significant.

Results
Transcranial magnetic stimulation
The TMS procedures were well tolerated in all subjects. RMT to TMS (mean±standard deviation (SD))
was lower in AD patients in comparison with HS (AD: 37.2±0.93%; HS: 42.2±1.09%; p=0.003).
Baseline mean MEP amplitude did not differ between AD patients and HS across all protocols (AD:
1.12±0.43 mV; HS: 1.15±0.34 mV).
For the iTBS protocol, AD patients showed an altered LTP-like cortical plasticity, with a reversal of
LTP-like cortical plasticity towards LTD in comparison with HS: there was an effect for the GROUP
(F(1,76)=63.72, p=0.000001) and for the TIME (F(4,304)=2.63, p=0.034) main factors; the interaction
GROUP x TIME was also significant (F(4,304)=6.63, p=0.00004). Post-hoc analysis with Bonferroni
correction showed that AD patients differed form HS at 10, 15, 20 and 25 minutes time point (all
p<0.001) (Figure 1). For the cTBS protocol the repeated measure ANOVA performed on the
percentage changes of the mean MEP amplitude did not show any effect for the GROUP
(F(1,64)=0.12, p=0.96), for the TIME main factor (F(4,256)=0.97, p=0.42) and for the GROUP x
TIME interaction (F(4,256)=0.66, p=0.61) (Figure 2). The ANOVA analysis performed on SAI
measurements showed an effect for the GROUP (F(1,75)=5.29, p=0.02) and ISI main factor
(F(3,225)=46.58, p=0.00001), but not a GROUP x ISI interaction (F(3,225)=0.32, p=0.80) (Figure 3).
Correlations analyses performed to explore any influence the age could have on the neurophysiological
parameters did not show any correlation for iTBS (Figure 4A) and cTBS (Figure 4B) with age; on the
other hand, we found that age correlated positively with the impairment of SAI (r= 0.53; p=0.001)
(Figure 4C).
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These results were confirmed by multiple linear regression analyses showing a strong association
between iTBS induced cortical plasticity and diagnosis of AD, but no association with age. We did not
find any association for cTBS induced cortical plasticity with any of the covariates. On the other hand,
we found that SAI values were strongly associated with age and weakly with diagnosis of AD (Table
2).

Clinical follow-up
MMSE scores performed at follow up evaluations were 21.43±0.67 (mean±SD) at 6 months,
20.14±0.85 at 12 months and 18.21±0.91 at 18 months. AD patients underwent a substantial cognitive
decline as confirmed by ANOVA showing an effect for the TIME main factor (F(3,156)=16.953,
p<0.001). Post-hoc analysis with Bonferroni correction showed that MMSE scores differed from
baseline at 18 months follow up evaluation (p<0.001). Correlation analyses between cognitive decline
(computed as delta score with baseline evaluation) and neurophysiological parameters (iTBS, cTBS
and SAI) showed that AD patients presenting with more altered iTBS induced cortical plasticity had
more severe cognitive decline at 18 months (r=0.30; p=0.020) (Figure 5A). We did not found any
correlations for cTBS (Figure 5B) and SAI (Figure 5C) values. These results were further confirmed
by multiple linear regression analyses showing a significant association between iTBS induced cortical
plasticity and cognitive decline, at equal values of age and disease duration. We did not find any
association for cTBS induced cortical plasticity. On the contrary, SAI values were not associated with
cognitive decline but only with age (Table 3).
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Discussion
We provide novel evidence that AD patients constantly tend to form LTD instead of LTP
independently from age of disease onset. Notably, more altered LTP-like cortical plasticity is
associated in AD patients with more severe cognitive decline at 18 months follow-up. On the other
hand, SAI sensibly declines with age in both AD patients and healthy controls and it is not associated
with cognitive decline at 18 months follow-up in AD patients.
Taken together, these results provide a compelling proof that in AD patients the LTP-like cortical
plasticity machinery is already deeply dampened even when the disease occurs earlier, while sensorymotor integration is relatively spared. On the other hand, when the disease occurs later there is a clear
impairment of both LTP-like cortical plasticity and SAI signaling. Thereby, we propose that LTP-like
cortical plasticity is a core neurophysiological marker of AD-related dysfunction, clearly differentiating
AD patients from healthy individuals independently from age of disease onset.
The current findings are supported by recent works consistently demonstrating that AD patients are
characterized by abnormalities of LTP-like cortical plasticity11,12,31,32. Notably these results are in most
cases superimposable to experimental electrophysiological recordings obtained from animal models of
AD15, 16, 33 revealing that both tau oligomers and amyloid peptides, the neuropathological hallmarks of
AD pathology, are able to disrupt the processes occurring for a stable synaptic efficacy34, 35. These
pathological mechanisms induce on one hand a weakened hippocampal and cortical LTP and on the
other a more robust LTD36, a process related to apoptosis and degeneration. Interestingly, molecular
studies showed that beta and tau pathology trigger a structural synaptic remodeling by forcing proapoptotic cell pathways, inducing a burdened effective synaptic activity37. The progressive reduction of
synaptic connections caused by the shrinkage of dendritic spines can be recorded with
electrophysiological tools in vitro as imbalances of the physiological forms of long-term modifications
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between networks of neurons establishing a high-order functional net38, driving a marked propensity to
form a more pronounced LTD plasticity.
At this regard, we recently found that AD patients with more pathological CSF tau levels are
characterized by a stronger tendency to form LTD and that this neurophysiological biomarker is related
to a more aggressive clinical course, implying that an altered cortical plasticity, eventually caused by
tau pathology, is strictly linked to the underlying clinical progression of AD39. Together with the
current findings, these data indicate that, although tested in the motor cortex, rTMS can be considered a
reliable tool to examine cortical plasticity in AD patients in analogy with hippocampal plasticity
assessed in animal models of AD.
We did not find any correlation between SAI values and clinical worsening; on the contrary, LTP
impairment correlates positively with clinical worsening overall in AD patients, strengthening the
hypothesis of LTP disruption as key neurophysiological biomarker for both the pathogenesis and
clinical progression of Alzheimer’s disease, while SAI seems to reflect the physiological processes of
ageing. Our findings are strengthened by several clinical and experimental evidence tracking
cholinergic modifications during both physiological40, 41 and pathological aging processes42, 43, 44. Basal
forebrain cholinergic complex, critical for cognitive functions in humans by sprouting synaptic contacts
in high-order cortical networks, is characterized by a selective neuronal vulnerability and during ageing
is easily susceptible to undergo degenerative changes, resulting in cholinergic hypofunction45.
SAI efficacy has been shown to be linked to cholinergic transmission10 and since it is selectively
altered in AD patients9, it has been interpreted as measure of central cholinergic dysfunction, historical
neurochemical marker of AD. Intriguingly, recent works showed a specific age-dependent alteration in
the cortical circuits mediating SAI in the motor cortex of healthy subjects13, 14. These results led us to
conclude that the main electrophysiological marker of AD is the deep and early impairment of cortical
plasticity machinery, whereas central cholinergic dysfunction could be secondary to a process in which
12

the physiological aging process takes part, and is likely accelerated by concomitant neural degeneration
process.
The selective weakening of cortical plasticity mechanisms showed by AD patients, differently from
SAI, gives new interesting insights also for a therapeutic approach: so far, most of the attention has
been driven onto improving of cholinergic transmission, and actually AChEI represent the only
pharmacological class approved for treatment of AD symptoms, although its scarce and short-lasting
effects. On the other hand, the data presented here highlight the specificity of LTP impairment as
marker of pathophysiological dysfunction in AD and, as such, it should be taken in account also for the
adoption of new pharmacological strategies considering AD as a disorder of synaptic plasticity and
related transmitters system. This view could promote novel drugs able to influence positively synaptic
plasticity, such as dopamine, a strong neuromodulator of neuroplasticity in both healthy subjects 46 and
AD patients17.
In conclusion, our data show that LTP mechanisms are altered in AD patients independently from age
of disease onset. LTP impairment is AD-dependent, and could be considered as a neurophysiological
marker of disease, while the SAI dysfunction is age-dependent thus representing more likely a marker
of the interaction between physiological and pathological ageing47.

Acknowledgements: This work was supported by grants of the Italian Ministry of Health to GK and to
MB (47/RF-2010-2311484) and of the Alzheimer’s Drug Discovery Foundation (ADDF) to GK.
Authors’ contribution: FDL CC AM GK conceived and designed the study; FDL VP SB PNS CM
acquire and analyze data; FDL VP MB AM GK drafted manuscript and figures.
Conflicts of Interest: Nothing to report.

13

References
1. Rossor, M.N., Fox, N.C., Mummery, C.J., et al. The diagnosis of young-onset dementia. Lancet
Neurol 2010; 9:793-806.
2. Mann DM, Yates PO, Marcyniuk B. Alzheimer's presenile dementia, senile dementia of
Alzheimer type and Down's syndrome in middle age form an age related

continuum of

pathological changes. Neuropathol Appl Neurobiol 1984; 10(3):185-207.
3. Castellani RJ, Lee HG, Zhu X, et al. Neuropathology of Alzheimer disease: pathognomonic but
not pathogenic. Acta Neuropathol 2006;111(6):503-9
4. Koedam EL, Lauffer V, van der Vlies AE, et al. Early-versus late-onset Alzheimer's disease:
more than age alone. J Alzheimers Dis 2010;19(4):1401-8.
5. Smits LL, Pijnenburg YA, Koedam EL, et al. Early onset Alzheimer's disease is associated with
a distinct neuropsychological profile. J Alzheimers Dis 2012;30(1):101-8.
6. Mendez MF. Early-onset Alzheimer's disease: nonamnestic subtypes and type 2 AD. Arch Med
Res 2012;43(8):677-85.
7. Kaiser NC, Melrose RJ, Liu C et al. Neuropsychological and neuroimaging markers in early
versus late-onset Alzheimer’s disease. Am J Alzheimers Dis Other Demen 2012;27(7):520–529
8. Alberici A, Benussi A, Premi E et al. Clinical, genetic, and neuroimaging features of Early
Onset Alzheimer Disease: the challenges of diagnosis and treatment. Curr Alzheimer Res
2014;11(10):909-17. Review.
9. Di Lazzaro V, Oliviero A, Tonali PA et al. Non invasive in vivo assessment of cholinergic
cortical circuits in AD using TMS. Neurology 2002;59(3):392-7.
10. Di Lazzaro V, Oliviero A, Profice P et al. Muscarinic receptor blockade has differential effects
on the excitability of intracortical circuits in the human motor cortex. Exp Brain Res
2000;135(4):455-61.
14

11. Koch G, Di Lorenzo F, Bonnì S et al. Impaired LTD- but not LTD-like cortical plasticity in
Alzheimer's disease patients. J Alzheimers Dis 2012;31(3);593-9.
12. Freitas C, Mondragón-Llorca H, Pascual-Leone A. Noninvasive brain stimulation in
Alzheimer's disease: systematic review and perspectives for the future. Exp Gerontol
2011;46(8):611-27.
13. Young-Bernier M, Davidson PS, Tremblay F. Paired-pulse afferent modulation of TMS
responses reveals a selective decrease in short latency afferent inhibition with age. Neurobiol
Aging 2012;33(4):835.e1-11.
14. Young-Bernier M, Tanguay AN, Davidson PS, Tremblay F. Short-latency afferent inhibition is
a poor predictor of individual susceptibility to rTMS-induced plasticity in the motor cortex of
young and older adults. Front Aging Neurosci 2014;7(6):182.
15. Palop JJ, Mucke L. Amyloid-beta-induced neuronal dysfunction in Alzheimer's disease: from
synapses toward neural networks. Nat Neurosci 2010;13(7):812-8.
16. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer's disease: progress and problems on
the road to therapeutics. Science 2002;297(5580):353-6. Review.
17. Koch G, Di Lorenzo F, Bonnì S et al. Dopaminergic modulation of cortical plasticity in
Alzheimer's disease patients. Neuropsychopharmacology 2014;39(11):2654-61.
18. Varma AR, Snowden JS, Lloyd J et al. Evaluation of the NINCDS-ADRDA criteria in the
differentiation of Alzheimer's disease and frontotemporal dementia. J

Neurol Neurosurg

Psychiatry 1999;66(2):184-8.
19. Sano M, Devanand DP, Richards M et al. A standardized technique for establishing onset and
duration of symptoms of Alzheimer's disease. Arch Neurol 1995;52(10):961-6.
20. 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(3):189-198.
15

21. Magni E, Binetti G, Padovani A et al. The Mini-Mental State Examination in Alzheimer’s
disease and multi-infarct dementia. Int Psychogeriatr 1996;8(1):127-134.
22. Carlesimo GA, Buccione I, Fadda L et al. Standardizzazione di due test di memoria per uso
clinico: Breve Racconto e Figura di Rey. Nuova Riv Neurol 2002;2:1-13.
23. Caffarra P, Vezzadini G, Dieci F et al. Rey-Osterrieth complex figure: normative values in an
Italian population sample. Neurol Sci 2002;22(6):443-7.
24. Carlesimo GA, Caltagirone C, Gainotti G. The Mental Deterioration Battery: Normative data,
diagnostic reliability and qualitative analyses of cognitive impairment. The Group for the
Standardization of the Mental Deterioration Battery. Eur Neurol 1996;36(6):378-384.
25. Martorana A, Esposito Z, Di Lorenzo F et al. CSF levels of Aβ1-42 relationship with
cholinergic cortical activity in Alzheimer's disease patients. J Neural Transm 2012;119(7):7718.
26. Rossini PM, Barker AT, Berardelli A et al. Non-invasive electrical and magnetic stimulation of
the brain, spinal cord and roots: basic principles and procedures for routine clinical application.
Report of an IFCN committee. Electroencephalogr Clin Neurophysiol 1994;91(2):79-92.
Review.
27. Huang YZ, Edwards MJ, Rounis E et al. Theta burst stimulation of the human motor cortex.
Neuron 2005;45(2):201-6.
28. Sailer A, Molnar GF, Paradiso G et al. Short and long latency afferent inhibition in Parkinson's
disease. Brain 2003;126(Pt 8):1883-94.
29. Tokimura H, Di Lazzaro V, Tokimura Y, et al. Short latency inhibition of human hand motor
cortex by somatosensory input from the hand. J Physiol 2000;523 Pt 2:503-13. Erratum in: J
Physiol (Lond) May 1;524 Pt 3: 942.

16

30. Martorana A, Di Lorenzo F, Esposito Z et al. Dopamine D₂-agonist rotigotine effects on
cortical excitability and central cholinergic transmission in Alzheimer's disease patients.
Neuropharmacology 2013;64:108-13.
31. Battaglia F, Wang HY, Ghilardi MF et al. Cortical plasticity in Alzheimer's disease in humans
and rodents. Biol Psychiatry 2007;62(12):1405-12
32. Koch G, Esposito Z, Kusayanagi H et al. CSF tau levels influence cortical plasticity in
Alzheimer's disease patients. J Alzheimers Dis 2011;26(1):181-6.
33. Shankar GM, Li S, Mehta TH et al. Amyloid-beta protein dimers isolated directly from
Alzheimer's brains impair synaptic plasticity and memory. Nat Med 2008;14(8):837-42.
34. Klyubin I, Betts V, Welzel AT et al. Amyloid beta protein dimer-containing human CSF
disrupts synaptic plasticity: Prevention by systemic passive immunization. J Neurosci
2008;28(16):4231–4237.
35. Lasagna-Reeves CA, Castillo-Carranza DL, Sengupta U et al. Tau oligomers impair memory
and induce synaptic and mitochondrial dysfunction in wild-type mice. Mol Neurodegener
2011;6:39.
36. Li S, Hong S, Shepardson NE et al. Soluble oligomers of amyloid Beta protein facilitate
hippocampal long-term depression by disrupting neuronal glutamate uptake. Neuron
2009;62;(6):788-801
37. Paquet C, Dumurgier J, Hugon J. Pro-Apoptotic Kinase Levels in Cerebrospinal Fluid as
Potential Future Biomarkers in Alzheimer's Disease. Front Neurol 2015;4(6):168.
38. Yang Y, Zhou Q. Spine modifications associated with long-term potentiation. Neuroscientist
2009;15(5):464-76

17

39. Koch G, Di Lorenzo F, Del Olmo MF et al. Reversal of LTP-like cortical plasticity in
Alzheimer’s disease patients with tau-related faster clinical progression. J Alzheimers Dis 2016
in press.
40. Davis KL, Mohs RC, Marin D, et al. Cholinergic markers in elderly patients with early signs of
Alzheimer disease. JAMA 1999;281(15):1401–6.
41. Berger-Sweeney J. The cholinergic basal forebrain system during development and its influence
on cognitive processes: important questions and potential answers. Neurosci Behav Rev
2003;27(4):401–11.
42. Schliebs R, Arendt T. The significance of the cholinergic system in the brain during aging and
in Alzheimer’s disease. J Neural Transm 2006(11):1625–44.
43. Härtig W, Bauer A, Brauer K, et al. Functional recovery of cholinergic basal forebrain neurons
under disease conditions: old problems, new solutions? Rev Neurosci 2002;13(2):95–165.
44. Rinne JO, Kaasinen V, Järvenpää T, et al. Brain acetylcholinesterase activity in mild cognitive
impairment and early Alzheimer’s disease. J Neurol Neurosurg Psychiatry 2003;74(1):113–5.
45. Schliebs R, Arendt T. The cholinergic system in aging and neuronal degeneration. Behav Brain
Res 2011;221(2):555-63.
46. Nitsche MA, Kuo MF, Grosch J et al. D1-receptor impact on neuroplasticity in humans. J
Neurosci 2009;29(8):2648-53.
47. Martorana A, Di Lorenzo F, Belli L et al. Cerebrospinal Fluid Aβ(42) Levels: When
Physiological Become Pathological State. CNS Neurosci Ther 2015 Nov 11. doi:
10.1111/cns.12476.

Figure Legends
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Legend to Figure 1. After effects of iTBS protocol on MEP amplitude in AD and HS. * indicate
p<0.05. Error bars indicate SEM.
Legend to Figure 2. After effects of cTBS protocol on MEP amplitude in AD and HS. Error bars
indicate SEM.
Legend to Figure 3. Changes in MEP amplitude for the SAI protocol in AD and HS. * indicate
p<0.05. Error bars indicate SEM.
Legend to Figure 4. Pearson’s r correlation matrices between the age and individual amount of
mean change in MEP amplitude induced by iTBS (A) and cTBS (B), and SAI (C) protocol in
healthy subjects and AD patients.
Legend to Figure 5. Spearman correlation matrices in all AD patients between the individual amount
of mean change in MEP amplitude induced by iTBS (A), cTBS (B) and and SAI (C) protocol and the
cognitive progression expressed in delta MMSE scores at 18 months follow up.
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Table 1. Demographic and clinical characteristics of AD patients and Healthy Subjects.
AD (n=54)

HS (n=24)

p

95% C.I.

Age at baseline, y
(mean±SD)a
Female (%)b

67.9±0.8

66.2±1.0

0.19

-4.74 – 0.97

48

50

1.00

0.35 – 2.43

Formal education, y
(mean±SD)a

8.7±4.4

9.4±4.2

0.79

-1.91 – 2.48

Diabetes (%)b

17

20

0.75

0.22 – 2.57

Hypertension (%)b

39

33

0.45

0.55 – 4.36

Hpercolesterolemia
(%)b

18

20

0.75

0.22 – 2.57

Head injury (%)b

0

0

1.00

n.a.

CSF Beta 1-42
pg/mL(mean±SD)

368.1±29

–

–

–

CSF total tau
pg/mL(mean±SD)

703.2±50

–

–

–

CSF p-tau
pg/mL(mean±SD)

87.4±6

–

–

–

CDR

0.8±0.8

–

–

–

ADL

5.6±0.5

–

–

–

IADL

7.5±0.5

–

–

–

MMSE baseline

22.09±0.5

–

–

–

Disease duration,
m(mean±SD)a

13.4±4.4

–

–

–

41

–

–

–

E4 (E3/E4 + E4/E4)
(%)b

Abbreviations: n=numbers; y=years; m=months; C.I. = confidence interval; CSF= Cerebrospinal Fluid;
CDR=Clinical Dementia Rating; ADL=Activities of Daily Living; IADL=Instrumental Activities of
Daily Living n.a.= not applicable; a=Student t-test; b=Fisher’s exact test. C.I. for continuous variables
were calculated on differences between means. C.I for dichotomous variables were calculated on odds
ratios.
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Table 2. Multivariable linear regression: relationship between TMS parameters, age and
diagnosis of Alzheimer’s disease across all subjects.

iTBS

Coefficient

SE

p value

CI

-51.49

6.16

<0.001*

-63.76 – -39.22

0.32

0.49

0.51

-0.64 – 1.28

HS/AD

-1.34

5.97

0.82

-13.24 – 10.56

Age

-0.51

0.47

0.28

-1.44 – 0.42

HS/AD

10.83

5.31

0.04*

0.23 – 21.42

Age

2.17

0.42

<0.001*

1.32 – 3.02

HS/AD
Age
cTBS

SAI

Abbreviations: iTBS= intermittent Theta Burst Stimulation; SE= standard error; CI= confidence
interval; cTBS= continuous Theta Burst Stimulation; HS= healthy subjects; AD= Alzheimer’s disease;
SAI= short-latency afferent inhibition.
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Table 3. Multivariable linear regression: relationship between TMS parameters, age, disease
duration and cognitive decline in AD patients.

iTBS

Coefficient

SE

p value

CI

Age

0.62

0.52

0.23

-0.41 – 1.66

Delta MMSE

1.46

0.65

0.03*

0.15 – 2.78

disease duration

-0.79

0.71

0.27

-2.22 – 0.64

Age

-1.01

0.54

0.08

-2.10 – 0.08

Delta MMSE

0.15

0.69

0.83

-1.24 – 1.54

disease duration

-0.42

0.75

0.58

-1.93 – 1.09

Age

2.09

0.56

0.001*

0.96 – 3.22

Delta MMSE

0.34

0.70

0.63

-1.07 – 1.75

disease duration

0.09

0.75

0.89

-1.42 – 1.61

cTBS

SAI

Abbreviations: LTP= long term potentiation; SE= standard error; CI= confidence interval; MMSE=
Mini Mental State Examination; SAI= short-latency afferent inhibition.
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