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One Sentence Summary: Regionally greater mitochondrial impairment and synapse loss are associated with widespread brain cell stress in  early Alzheimer’s disease.



Abstract: Cell stress and impaired oxidative phosphorylation are central to mechanisms of synaptic loss and neurodegeneration in the cellular pathology of Alzheimer’s disease (AD).  In this study, we quantified the in vivo expression of the endoplasmic reticulum stress marker, sigma 1 receptor (S1R), using [11C]SA4503 PET, the mitochondrial complex I (MC1) with [18F]BCPP-EF and the pre-synaptic vesicular protein SV2A with [11C]UCB-J in 12 patients with early AD and in 16 cognitively normal controls. We integrated these molecular measures with assessments of regional brain volumes and cerebral blood flow (CBF) measured with magnetic resonance imaging (MRI) arterial spin labelling. Eight patients with AD were followed longitudinally to estimate the rate of change of the physiological and structural pathology markers with disease progression. The patients showed widespread increases in S1R (≤ 27%) and regional reduction in MC1 (≥ -28%) and SV2A (≥ -25%) radioligand binding, brain volume (≥ -23%), and CBF (≥ -26%).  [18F]BCPP-EF PET MC1 binding (≥ -12%) and brain volumes (≥ -5%) showed progressive reductions over 12-18 months, suggesting that they both could be used as pharmacodynamic indicators in early-stage therapeutics trials.  Associations of reduced MC1 and SV2A and increased S1R radioligand binding with reduced cognitive performance in AD, although exploratory, suggested a loss of metabolic functional reserve with disease.  Our study thus provides in vivo evidence for widespread, clinically relevant cellular stress and bioenergetic abnormalities in early AD.  



Main Text:
INTRODUCTION
[bookmark: _Hlk26347901]Sporadic, late-onset Alzheimer’s Disease (AD) is associated with progressive cognitive, social and functional decline after a long prodromal cellular phase.(1) The cellular phase is characterized neuropathologically by synaptic loss and deposition of amyloid-β (Aβ)(2-4) and tau. However, multiple pathological processes contribute to disease progression in early AD.(5)  Variants in genes encoding proteins involved in lipid processing, phagocytosis and inflammation associated with genetic risk for AD are ubiquitously expressed throughout the brain.  Biochemical and transcriptomic investigations suggest that dysfunction or dysregulation of these pathways all contribute to cell stress.(6) Oxidative and endoplasmic reticulum (ER) stress, prominent metabolic features(7, 8) of early AD(9, 10), are associated with reduced cerebral blood flow(11), and with upregulation of the sigma 1 receptor (S1R) in the ER(12, 13).    Mitochondrial dysfunction has long been recognized as potential driver for these events, but whether it is a consequence or simply associated with early reductions in cerebral blood flow is not well known.

A feature of early AD is the relatively focal nature of major pathological structural and functional changes(14-16) despite relatively widely expressed metabolic dysfunction. The focal pathology has been assumed to be a consequence of a selective vulnerability of affected regions determined by factors such as their connectivity, functional activity and metabolism.(17, 18) Synaptic loss, which has a mechanistically proximate relationship to neuronal circuit dysfunction and cognitive symptoms, is believed to be an expressions of this vulnerability(19) and precedes neurodegeneration and progressive atrophy(5).   

Symptoms and signs of AD are not manifest clinically over a long prodromal phase during which this pathology progresses(1).  The healthy brain thus has considerable functional reserve arising from a redundancy or plasticity that allows normal cognition to be maintained despite some impairments of functions (those affecting metabolism and synaptic and neuronal circuit activity).(20) This reserve is ultimately lost with disease progression. Identification of the pathological processes in early AD  would support the prioritization of those pathways as therapeutic targets.

We hypothesized that mitochondrial dysfunction in AD is generalized in the brain and is associated with cellular stress. An upregulation of S1R expression is a potentially adaptive response to mitochondrial and cellular stress. We further hypothesized that these changes might be associated with synaptic and brain volume loss, although there are regional variations in this relationship, reflecting regional cell-composition and functional differences in vulnerability(21). Finally, we explored the relationship between these phenomena and performance measures in subjects with early AD to identify regions or processes for which there is less functional reserve and that therefore might show greatest therapeutic effects induced by its modulation.

We characterized the relationships between brain cell stress responses, oxidative metabolism and synaptic loss in patients with early AD and compared to healthy controls, by employing three PET radioligands to quantify the regional expression of the relevant molecular markers.  We used [11C]SA4503,  [18F]BCPP-EF,  and [11C]UCB-J to quantify S1R, mitochondrial complex I (MC1),   and the synaptic vesicle glycoprotein 2A (SV2A) protein, respectively.  MRI evaluation of regional volume changes and arterial spin labelling (ASL)(22) to quantify brain perfusion, were also performed.  To explore the relative utility of these variables as general pharmacodynamic markers of short-term disease progression, we estimated their rates of change in patients with AD re-evaluated after a 12-18 month interval.  Finally, we correlated regional variations in metabolic and structural measures and their longitudinal changes with cognitive performance measures to generate hypotheses regarding those subjects with the lowest functional reserve in early AD.  

RESULTS 
Characteristics of study participants
12 participants had a diagnosis of sporadic onset amnestic, early AD and 16 were cognitively normal controls (HV). A higher proportion of the patients with AD were ApoE4+ (9 /12) compared to HV (4 /16) (Table 1). The two groups included equal numbers of women and men with similar premorbid intelligence scores as assessed by the National Adult Reading Test (NART). As expected, the patients with AD had a lower MMSE, immediate memory, language and delayed memory test scores compared to the control group but showed no impairment of visuospatial function (Table 1).  

All patients with AD presented with clinical syndromes consistent with amnestic AD, were amyloid- positive, as determined by a PET scan with Nuraceq and showed evidence of neurodegeneration, with the largest differences in regional volumes found in the hippocampus (-23%, p<0.001) and temporal lobe (-16%, p<0.001), consistent with a diagnosis of late-onset AD (Fig. 1A, Table S1).(23)  CBF was lower in patients with AD compared to controls in all brain regions (range -8 to -26%).  The greatest relative reductions in CBF were observed for the hippocampus (-20%, p= 0.023) and thalamus (-26%, p = 0.044)(see Table S2 and Fig. 1A). 

8/12 patients with AD recruited at baseline were not using symptomatic treatments, whereas 2 were taking rivastigmine and 2 were on memantine. Four of the patients did not complete their longitudinal follow-up scans due to new medical illnesses, excessive head motion during scanning, or progression of AD from the time of the baseline examination to the extent that they could not comply with study requirements.  One patient with AD started donepezil (which has high affinity for the S1R) after the baseline evaluation; therefore, this patient was excluded from the follow-up [11C]SA4503 PET scan.  Thus, eight patients with AD were able to complete both baseline and 12-18 month follow-up SV2A and MC1 PET and neuropsychological testing, and seven participants had both baseline and follow-up S1R PET scans. 10/12 participants completed baseline and follow up MRI scans. The mean (+SD) follow-up time for re-imaging the AD group was 435 days (range, 299 – 567 days).


Widespread increase in brain oxidative stress responses in AD brains 
[11C]SA4503 VT/fP  was increased in all brain ROIs except the hippocampus and caudate in patients with AD compared to controls (Figs. 2, 3A and Table S3; see also Table S4 for radioligand binding measures without partial volume correction). The parametric image contrasting mean voxel-wise [11C]SA4503 VT/fP for patients with the controls was consistent with ROI data (Fig. 2) in defining the largest and most statistically significant relative increases of [11C]SA4503 binding in the cingulate cortex (+27%, p=0.010), the precuneus (+23%, p= 0.011), cerebellum (+24% p= 0.030) and parietal (+21%, p=0.023) and temporal (+21%, p=0.033) lobes. Associations were not found between [11C]SA4503 VT/fP and CBF in any of the ROIs for the patients with AD or controls (Fig. S1). 

Focal decrease in synaptic binding in AD brains
 [11C]UCB-J DVRCS-1 was generally lower in brains of the patients with AD compared with controls, although it was not reduced in all ROIs (Figs 2, 3A and Table S5, see also Table S6 for binding measures without volume correction).  The greatest relative reductions in SV2A expression as assessed by [11C]UCB-J binding were found in the caudate (-25%, p=0.007), hippocampus (-24%, p=0.001) and thalamus (-19%, p=0.012). Associations were not found between [11C]UCB-J DVRCS-1 and CBF in any of the ROIs for the patients with AD or for controls (Fig. S1). 

Focal decrease in mitochondrial complex I in AD brains
[18F]BCPP-EF DVRCS-1, which provides a measure of the expression of MC1, the first enzyme in the mitochondrial electron transport chain, was lower in the brains of patients with AD compared with controls, although it was not reduced in all ROIs (Figure 2, 3A and Table S7, see also Table S8 for binding measures without volume correction).  The greatest differences in [18F]BCPP-EF DVRCS-1 for the AD group relative to controls were found in the hippocampus (-25%, p = 0.02), thalamus (-23%,  p =0.001) and caudate (-28%,  p =0.02), with smaller relative reductions in the frontal lobe (-12%,  p =0.040) and dorsal lateral prefrontal cortex (DLPFC) (-12%,  p =0.048).  The parametric images comparing [18F]BCPP-EF DVRCS-1 between the two groups (Fig. 2) highlighted the larger focal differences. We did not find correlations between regional CBF and reduced [18F]BCPP-EF DVRCS-1 in subjects with AD or controls (Fig.S1). 

Mitochondrial oxidative phosphorylation is uncoupled from synapse distribution in AD
 [18F]BCPP-EF DVRCS-1 and [11C]UCB-J DVRCS-1 were positively correlated in controls in all regions, particularly frontal (r2=0.67, p=0.0001), parietal (r2=0.66, p=0.00012) and hippocampal (r2=0.27, p=0.038) cortex, consistent with a physiological coupling between oxidative energy production and synaptic distribution (Fig. 5).(24) However, similar associations were not observed in people with AD (Fig.5 and Fig. S1).  

Regional longitudinal changes in metabolic and synaptic markers were consistent with differences between patients with AD and controls at baseline
The baseline between group comparisons suggested regional differences in the rates of progression of biochemical and synaptic pathology in AD. In the 8 patients with AD who were re-scanned 12-18 months later, we found, as expected, small global decrease in brain volume at follow up, with greater relative volume changes in the temporal lobe (-4%, p=0.009), hippocampus (-5%, p=0.01), parahippocampal gyrus (-3%, p=0.027), cingulate cortex (-3%, p=0.023) and cerebellum (-2%, p=0.020) (Fig.1B, Table S9). We did not observe changes in CBF over the period of the study in any of the brain regions assessed (Fig. 1B, Table S10).

Longitudinal PET measures of the biochemical pathology showed regional changes consistent with the differences seen between the patients with AD and controls at baseline (Fig. 3B and Tables S11-S13, also see Tables S14-S16 for binding measures without volume correction). [18F]BCPP-EF DVRCS-1 was decreased in all regions except the hippocampus and appeared to be the most sensitive to change over time (Fig. 3B), with the largest relative reductions found in the parietal lobe (-11%, p=0.009), the precuneus (-10%, p=0.001), and the DLPFC (-12%, p=0.037) (Table S11 and S14). Mean regional [11C]UCB-J DVRCS-1 were not different in the grey matter globally after 12-18 months  (Fig 3B, Tables S12 and S15).  [11C]SA4503 VT/fP did not increase over the period of observation (Fig. 3B, Tables S13 and S16). Full correlation matrices describing quantitative relationships between regional mean S1R, MC1, SV2A, CBF and volume measures and clinical variables for controls, patients with AD, and for longitudinal change in subjects with AD are provided in Fig S2).  

                                                                                                                                                                                                                                                                                                                                         
Loss of functional reserve in AD
We explored whether patients with AD had reduced brain functional reserve by exploring correlations between measures of mitochondrial oxidative capacity, cell stress and synapse distribution and measures of cognitive performance.  [18F]BCPP-EF DVRCS-1 showed negative associations with visuospatial scores in the patients with AD (r2 = 0.45, p=0.016), but not in controls (r2=0.076, p=0.3) (Fig. S2A). Hippocampal [11C]SA4503 VT/fP showed significant negative associations with visuospatial scores in patients with AD (r2 = 0.57, p=0.0076) not found for the controls (r2 = 0.0061, p=0.77) (Fig. S2B).  [11C]UCB-J DVRCS-1 and language function tests (picture naming and semantic fluency) showed strong positive correlations in the patients with AD (hippocampus, r2 = 0.68, p=0.0001, parietal lobe, r2 = 0.39, p=0.03), but not in controls (hippocampus, r2 = 0.0004, p=0.94, parietal lobe,  r2  = 0.009, p = 0.73) (Figs. S3A,B). Finally, we explored correlates of changes in memory over time in the patients with AD.  Longitudinal decreases in frontal [18F]BCPP-EF DVRCS-1 (r2 = 0.61, p=0.021) were associated with decreases in ACE memory scores (Fig. S4A). Longitudinal increases in frontal lobe [11C]SA4503 VT/fP were associated with decreases in ACE memory scores (r2 = 0.64, p=0.031) (Fig. S4B).  

DISCUSSION 
Our study is based on  in vivo multi-modal, longitudinal characterization of molecular markers related to mitochondrial and synaptic dysfunction in early AD. We explored in vivo pathology in AD using recently introduced PET markers of cellular stress, mitochondrial and synaptic distribution, combined with evaluations of cerebral blood flow (ASL) and relative brain atrophy using volumetric MRI. Widespread increase in S1R binding in AD provides evidence of a generalis]zed ER stress response. More focal decrease in synaptic and mitochondrial binding, particularly in the hippocampus, thalamus and caudate, suggests selective regional vulnerability to the generalized biochemical stress. The positive correlation between hippocampal mitochondrial and synaptic distributions found in controls was not seen in patients with AD, providing evidence for a loss of the normal physiological relationship between mitochondrial oxidative phosphorylation and synaptic density.(24) Longitudinal follow-up indicates that measures of mitochondrial density and brain volume loss were most sensitive to disease progression.. Exploratory analysis showed associations between regional decrease in mitochondria and synapses and increased S1R expression with impaired visuospatial function, language and memory test performance in the AD group, but not in controls, suggesting loss of synaptic and metabolic functional reserve with disease. Overall, our results are consistent with a disease model in which mitochondrial dysfunction and generalized cell stress lead to regionally variable synaptic loss, brain volume loss from neurodegeneration and clinical manifestations of AD.  

PET imaging using [11C]SA4503 is a validated measure of the distribution of S1R in the brain(25, 26). [11C]SA4503 has a high selectivity for S1R over other neuroreceptors, ion channels and second messengers.(27, 28) SA4503 has the highest affinity for the sigma 2 receptor (S2R) and the vesicular acetylcholine transporter (VAChT) after the S1R. A range of binding selectivity values of SA4503 for S1R over the S2R have been reported(29-31), with a median literature estimate of ~34 -fold higher affinity for the S1R. VAChT has a similar affinity for SA4503 to that for the S2R.(30)  As S1R is more highly expressed in the CNS than is the S2R(32, 33) and VAChT(34), the vast majority of [11C]SA4503 VT/fp can be related to the S1R rather than S2R or the  VAChT.

Using [11C]SA4503 PET imaging, we have provided evidence for widespread and generalized increase in S1R binding in patients with early AD.  A previous study reported lower S1R binding in AD(35), but the investigators scanned participants who were being treated with donepezil, which has high affinity for S1R(35) and thus blocks the binding of [11C]SA4503 to the S1R. Another early study of post mortem brain suggested a decrease in S1R distribution in AD, but this was assessed by [3H]DTG binding, a ligand subsequently shown to bind to the S2R preferentially over S1R.  Consistent with our observation of a global increase in S1R binding, a preclinical amyloid model showed generalised increase in S1R over time by Western blotting.(36) This report also described a small decrease of S1R expression in end-stage AD brain tissue of similar magnitude to the small, focal decrease in S1R binding we observed focally in the hippocampus of patients with AD. Like the authors of the earlier report, we hypothesized that these observations together could be explained by S1R increase in early stages of AD pathology with subsequent decrease regionally as the pathology load increases (in the hippocampus for our subjects) as a consequence of CA1 pyramidal cell loss.(29) Future longitudinal structural and metabolic imaging studies of people at high risk of AD prior to clinical expression or of those with early mild cognitive impairment might help to resolve this question.

MC1 is the first enzyme in the mitochondrial electron transport chain.(37) [18F]BCPP-EF was developed as a PET radioligand to image MC1 binding in vivo(38-40) and the first full human characterization was completed only recently(26, 41). We found decreased MC1 in patients with AD greater than previously reported(42, 43), most prominently in the hippocampus and the highly connected subcortical grey matter of the caudate and thalamus. [18F]BCPP-EF DVRCS-1 was the most sensitive longitudinal marker of disease progression of those that we explored.  Although all brain regions showing relative changes at baseline also showed changes over time, the largest longitudinal decrease was found in brain regions associated with early amyloid deposition.(18) The observation that CBF and MC1 binding were not correlated in patients with AD suggests that the impaired mitochondrial biogenesis or dysfunction is independent of perfusion deficits.(44)  

Synaptic loss begins early in the disease and progresses over the course of AD pathology.(45) Loss or dystrophy of dendritic spines is associated with β-amyloid fibrils and oligomers in preclinical models of AD pathology.(46)   Indirect measures of synaptic loss as changes in brain functional MRI network topology have previously been associated with major disease symptoms.(46) In vivo human PET imaging studies evaluating SV2A density(47-49) show reduced tissue SV2A binding and indicate that measures of cortical volume reduction(50) underestimate the extent of synaptic loss in AD.  Although we observed some volume loss over the short 12-18 month longitudinal follow up, we could not measure reductions of SV2A binding in the remaining brain tissue. Future studies with larger numbers of subjects or longer periods of follow up will be needed to estimate the rate of SV2A loss independent of the progressive brain atrophy in AD and to identify where and when SV2A changes are most sensitive to disease progression.

Regional brain volume loss contributed but did not fully account to the reductions seen in in SV2A and MC1 expression. This can be appreciated quantitatively from comparison between corrected and uncorrected partial volume measures , which show greater differences between patients with AD and controls, however differences remained following partial volume correction. We found large reductions in SV2A and MC1 in the hippocampus, caudate and thalamus of the patients . As less relative atrophy of the subcortical nuclei than the hippocampus is characteristic of AD, we speculate that the high synaptic loss seen in these nuclei reflects loss of convergent projections from widespread cortical regions, in addition to any local neurodegeneration. This observation further emphasizes that consideration both of synaptic losses due to atrophy and the reduced density in the remaining tissue due to connectivity disruption are needed to provide a full index of synaptic loss in AD. 

Cognitively normal controls did not show meaningful associations of cognitive performance measures with amounts of S1R, MC1 or SV2A, consistent with functional reserve in the healthy older brain. Visuospatial, language and memory performance were correlated with hippocampal and frontal lobe S1R, MC1 or SV2A in patients with AD. This suggests that functional reserve present in the healthy brain is lost in early AD, in which mitochondrial activity, oxidative stress responses and synaptic density appear to become rate limiting for cognition. If these correlations can be shown to reflect causal relations, therapeutic targeting of the responsible mechanisms could provide clinical benefits and be monitored using the measures here.  

[bookmark: _Hlk84858550]However, our study has several limitations. The sample of 12 patients with AD is modest. The demanding protocol and range of investigations undertaken by each participant (7 PET scans, including 6 dynamic acquisitions including radial artery cannulation and arterial blood sampling, and 2 multimodal MRI sessions over a period of 12-18 months) made the study too resource intensive to conduct in a substantially larger group. Nonetheless, the availability of data from multiple measures acquired together provided  insights into the relationships between these measures and the pathophysiological processes on which they report, although specific observations will need to be replicated in larger cohorts to confirm their generalizability.  A possible weakness is that, although matched for sex, the control group were approximately 10 years younger than participants with AD. However, we do not believe that this difference could confound our conclusions.  First, the longitudinal within-subject reductions seen in the AD group are not affected by age differences between the AD and HV groups. With respect to cross-sectional differences between AD and HV groups, data from a larger cohort of 24 healthy volunteers (20-80 years old) previously studied by us (49) described an effect of age for MC1 binding only in the caudate nucleus, for which a 5% loss may be expected over a decade (based on cross-sectional age differences). As the differences we described between the AD and HV groups here are greater than 5%, we do not believe that these differences are meaningfully confounded by the difference in age across our groups. Age-related differences are greater for data that is not corrected for partial volume loss (between -3% and -7% per decade for MC1 and SV2A expression across cortical and subcortical ROI). The similarity between the effects of age for the PET measures and the effects of age on regional volumes suggests that the age effects seen with PET measures of SV2A and MC1 expression are driven primarily by volume loss accounted for in the partial-volume corrected PET measures.  Although partial volume correction algorithms are imperfect and can introduce additional variance, using them allowed us to better distinguish quantitative tissue metabolic and synaptic differences from neurodegeneration-associated relative atrophy. Finally, reflecting the exploratory nature of our study, we did not correct statistics for multiple comparisons, but the analyses allowed estimations of effect sizes that will inform the design of future studies.   

There are obvious limitations when using single molecular markers for each type of pathology to define more general pathological concepts. For example, recent data raises the possibility that SV2A distribution may reflect GABAergic inhibitory synapses preferentially over glutamatergic synapses.(51)  However, MC1 binding provides a more specific index of capacity for mitochondrial respiratory oxidative phosphorylation than does the alternative [18F]2-Fluoro-2-deoxy-D-glucose PET measure, which primarily reflects hexokinase activity, and thus can be confounded by differences in glycolytic activity due to disease and inflammation.(52) Finally, although S1R is a non-specific marker of cell stress, the information it provides as a non-invasive, in vivo measure is particularly valuable and, in the context of AD, can be interpreted in terms of oxidative and ER stress with relatively good confidence.(53, 54) 

Our study illustrates the potential value of multi-modal, longitudinal imaging studies in AD, where no single measure describes a sufficient breadth of pathology to fully characterize disease progression. The results emphasize that, despite the focally larger changes in the mesial temporal cortex, cell stress responses in AD are generalized, suggesting a widespread, prodromal biochemical pathology. Elucidating mechanisms linking genetic susceptibility to this biochemical pathology will be important for prioritizing targets for earliest interventions to delay or reverse AD.

MATERIALS AND METHODS
Study Design
The overall objective was to evaluate three novel PET imaging radioligand candidate biomarkers sensitive to aspects cell stress, mitochondrial and synaptic function for their sensitivity to disease and to change over time patients with early-stage AD. Baseline imaging measures from the patients were compared to those acquired from healthy volunteers of a similar age and sex distribution to assess sensitivity to disease.  All participants underwent screening and [18F]BCPP-EF, [11C]UCB-J,  [11C]SA4503 dynamic PET imaging, volumetric MRI and ASL scanning to establish baseline measures.  MR and PET scans were repeated for those patients with AD who still met all criteria for inclusion in the study 12-18 months after the baseline imaging. The interval for estimation of change over time was pragmatically designed to include time periods over which early phase clinical proof of principle (Phase IIA) studies typically are conducted for Alzheimer’s disease.   All data were collected as part of the MINDMAPS (Molecular Imaging of Neurodegeneration – Mitochondria, Associated Proteins and Synapses) consortium programme of studies (https://lp.invicro.com/mind-maps accessed 26 June 2022).

The size of the patient group (n = 12) for the cross-sectional comparisons with the healthy volunteer group was estimated based on sizes of other early characterisations of novel PET imaging agents for human brain disease. An additional consideration was the burden of the study on participant as the protocol involved a particularly intensive schedule of investigations per participant (7 PET scans, including 6 with full quantification involving arterial blood sampling, 2 multi-modal MRI scans and a variety of other assessments). Given the novel nature of these PET imaging tools, formal power calculations were not performed. However, the typical inter-subject variability of these PET tracers in the healthy population (15-25%) suggested the feasibility of detection of potentially clinically meaningful differences (>15-20%) between populations, as well as change  over time, in groups of this size. The healthy volunteer control group (n = 16) was collected in parallel studies conducted as part of the MINDMAPS programme.  Volunteers were selected to serve as a common control group for all patient studies within this programme.  The number of patients with AD (n=8) who had scans repeated for estimation of change over time was determined pragmatically based on the number of patients with AD scanned at baseline who met study inclusion criteria at the time of follow-up.  Randomization was not required by our exploratory study design and the authors were not blinded to the results. All outliers were included in the analysis and all data that met prospectively established technical quality control criteria were included in the analyses. 

Participant Recruitment and Evaluations
Patients with AD met National Institute on Aging-Alzheimer’s Association (NIA-AA) core clinical criteria for probable AD dementia or amnestic mild cognitive impairment. They all presented clinically with an amnestic dementia syndrome, were ß-amyloid positive (based on [18F]Florbetaben PET findings).  Structural MRI did not suggest alternative pathologies that could account for dementia and the AD group showed highly significant relative hippocampal atrophy ( mean healthy control hippocampal volume, 7513 + 593 mm3; mean AD hippocampal volume, 5768 + 1123 mm3; p=0.0002).  As per protocol, all were aged >50, had a Mini Mental State Examination (MMSE) score ≥18 and the capacity to give informed consent. Participants with AD who were  taking symptomatic therapy for AD were on a stable dose for at least 6 weeks prior to the baseline evaluation and were willing to adhere to PET scan procedures.  Exclusion criteria for both groups included major psychiatric/neurological/ medical illness or infection, use of medications such as donepezil that are known to either bind directly to SV2A, S1R or MC1, or impair cognition, and prior radiation exposure >10mSv in the past year. Routine clinical blood samples and ApoE genotyping were performed. 

Neuropsychological and cognitive assessments included the Mini Mental State Examination (MMSE), Addenbrooke’s Cognitive Exam (ACE-III), Repeatable Battery for Assessment of Neuropsychological Status (RBANS) and the National Adult Reading Test (NART). Specific RBANS tests included assessing immediate memory (list learning and story memory), visuospatial perception (figure copy and line orientation), language (picture naming and semantic fluency), attention (digit span and coding), and delayed memory (list recall, list recognition, story memory and figure recall). Specific ACE-III tests included rating attention (orientation), memory (word recall, address recall, semantic recall), fluency (word generation), language (sequenced commands, writing, repetition, pronunciation) and visuospatial (figure copy, clock drawing, dot counting, letter recognition). 

All participants provided written informed consent. Screening and scanning were conducted at the Invicro imaging centre, Hammersmith Hospital Site, London. Ethical approval for this study was provided by the NHS London - Brighton & Sussex Research Ethics Committee (REC 18/LO/0179) for patients with AD and the East of England Cambridge Central & South Research Ethics Committee for the healthy volunteers. Radiation safety was approved by the Administration of Radioactive Substances Advisory Committee (ARSAC R92). Local site approval was provided by Imperial College London Joint Research Office. Participants were recruited from Imperial College Healthcare NHS Trust, West London Mental Health Trust, and Cambridge University Hospitals.

Image Acquisition
 [18F]BCPP-EF, [11C]UCB-J,  and [11C]SA4503 were synthesized and PET/CT images and arterial blood samples acquired as previously described.(26, 38, 47, 55)  [18F]Florbetaben was purchased from Alliance Medical. Imaging was performed using either a Siemens Biograph 6 True Point or HiRez PET/CT scanner (Siemens Healthcare). Prior to each imaging session a low-dose CT scan was acquired to enable attenuation correction (30 mAs, 130 KeV, 0.55 pitch).  Patients with AD received a [18F]Florbetaben scan at screening, acquired over 20 min following a 90 min distribution phase. All participants received [18F]BCPP-EF, [11C]UCB-J and [11C]SA4503 scans with the same camera which was also used for all follow-up scans for an individual. The PET tracers were administered as an intravenous bolus (20mls over 20 seconds), and blood samples were collected from the radial artery to assess changes in the concentration of radioactivity in whole blood and plasma, as well as the percent of unmetabolized tracer over the course of the PET scan radioactivity sample collection. Following tracer administration, dynamic emission data was acquired in list mode over 90 minutes and reconstructed into 26-time frames (frame durations: 8x15 s, 3x60 s, 5x120 s, 5x300 s, 5x600 s) using discrete inverse Fourier transform reconstruction with corrections for attenuation, randoms and scatter. 

All MRIs were acquired with a Siemens 3T Trio clinical scanner (Siemens Healthineers) using a 32-channel phased-array head coil. T1-weighted structural data (a 3D MPRAGE sequence; TE = 2.98 ms, TR = 2300 ms, flip angle = 9o, voxel size = 1.0 mm x 1.0 mm x 1.0 mm) and multi-TI Pulsed ASL (5 TIs: 1200-2400ms with 300ms increments) are presented in this paper. All measures were repeated 12-18 months later for the AD group. 

Image Analysis and statistical analysis
[18F]Florbetaben data were quantified by Amyloid IQ(56), using 33% as cut-off for amyloid positivity and inclusion in the study. The dynamic PET image analysis pipeline, including generation of an arterial input function, tracer kinetic modelling, model comparison and selection and time stability assessment, has been described previously.(26)  Briefly, PET scan emission data were processed using MIAKAT (version 4.3.24, miakat.org). MIAKAT is implemented using MATLAB (version R2016a; Mathworks) and makes use of SPM12 (Wellcome Trust Centre for Neuroimaging, fil.ion.ucl.ac.uk/spm) functions for image segmentation and registration.  Individual participant structural MRIs underwent grey matter segmentation and rigid body co-registration to a standard reference space.(57) The template brain image and associated CIC neuroanatomical atlas was then nonlinearly warped to the individual participant’s MRI where the regions of interest (ROI) were defined and volumes of regions in mm3 were measured. A centrum semiovale (CS) ROI was also generated from the automated anatomic labelling template as defined previously for use as a non-specific reference region for [11C]UCB-J.(47) PET images were registered to each participant’s MRI and corrected for motion using frame-to-frame rigid-body registration. Regional time activity curves (TAC) were generated for each ROI.	

The ASL processing pipeline began with nonlinear mapping of the T1w data into standard MNI 152 space using FSL (fsl_anat, fsl.fmrib.ox.ac.uk)  before tissue segmentations.(58) The CIC atlas was nonlinearly aligned to the ASL data to provide native-space ROIs by inversion of this nonlinear transformation  and concatenation with the T1-to-ASL (M0) alignment using FSL (flirt, 6 DOF),. After motion-correction of the ASL data using FSL’s mcflirt,(59) and generation of the perfusion-weighted time-series, CBF and arterial arrival time (AAT) modelling was performed using FSL’s oxford_asl tool. 

Regional volumes of distribution (VT) were calculated for each of the three radioligands using the one-tissue compartmental model (1TC) for [11C]UCB-J, and the multilinear analysis 1 (MA1) model for [18F]BCPP-EF and  [11C]SA4503 as described previously.(26) The outcome parameter chosen for [11C]UCB-J and [18F]BCPP-EF was the DVRCS-1, with both using the CS as a pseudo-reference region where 

with  being the VT in the region of interest and  being the VT in the centrum semiovale, a white matter pseudo-reference region. The volume of distribution corrected for plasma fraction (VT/fp) was chosen as the outcome parameter for [11C]SA4503. Partial volume-corrected data were generated using the Muller-Gartner algorithm.(60) Because of the degree of disease-related brain atrophy for the patients, partial volume corrected data were used as primary outcome measures for the PET (and CBF) assessments. Uncorrected data was generally consistent with partial volume corrected data and is provided as Supplementary Material.  


Parametric images in MNI152 space were expressed as z-scores to facilitate interpretation of findings across the three radiotracers. [11C]SA4503 and [11C]UCB-J parametric maps were generated with the one tissue reversible compartmental model, solved voxel-wise using the basis function method.(61) [18F]BCPP-EF parametric maps were generated using the MA1 method solved at the voxel level, using the same settings as for the associated regional analysis.   Group cross-sectional data of patients with AD compared to controls was computed as z-scores (patients mean – controls mean)/(controls standard deviation). Group longitudinal compared with baseline  patient data were also computed as z-scores  (patients longitudinal mean –  patients baseline mean)/(patients baseline standard deviation).   

Statistical Analysis
[bookmark: _Hlk84858637]Comparison of regional target binding between patient and control groups was performed using  two-tailed, unpaired Student’s t-tests for cross-sectional data and two-tailed, paired Student’s t-tests for longitudinal data across a priori selected regions (frontal lobe, parietal lobe, temporal lobe, cerebellum, hippocampus, parahippocampal gyrus, precuneus, dorsolateral prefrontal cortex, thalamus, caudate, and cingulate cortex). We did not correct for multiple comparisons because of the exploratory nature of this study.  However, adjusted p-values using the False Discovery Rate are documented in the Supplementary Material. The percentage differences were calculated cross-sectionally between groups using -(100-(mean AD/mean control) *100) and longitudinally (for the AD patients only) by taking the mean of the sums ((individual baseline mean-individual longitudinal mean)/individual baseline mean) *-100).

Pearson’s r correlations were performed across modalities and groups for [11C]UCB-J, [18F]BCPP-EF, and [11C]SA4503 uptake, regional volumes and CBF. Associations between imaging findings, neuropsychological and cognitive performance variables were interrogated. Correlations of differences over time and neuropsychological and cognitive performance measures were also explored for a priori hypotheses. All statistics were analyzed and plotted using R software (R-project.org). 




Figures
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Fig. 1. Cross-sectional and longitudinal results for volume and CBF. Cross-sectional (A) and longitudinal (B) volumes (left) and CBF (right) of individual brain regions in patients with AD  expressed as percentage differences from the control means (see also Tables S1, S2  and Tables S6, S7).
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Fig.2. Mean voxel-wise group PET images for healthy controls, patients AD, and a contrasts of patients with AD relative to the controls. Mean voxel-wise PET images in MNI 152 space for controls (n=16) (A), AD patients at baseline (n=12) (B) and the Z-difference image contrasting the patients with AD with controls for [11C]SA4503 VT/fP (sigma 1 receptor) (top), [18F]BCPP-EF DVRCS-1 (mitochondrial complex I) (middle) and [11C]UCB-J DVRCS-1 (synaptic binding) (bottom)(C). 
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Fig.3. Cross-sectional differences in S1R, MC1, and SV2A availabilities between patients with AD and controls  and their longitudinal changes in the patients with AD. Cross-sectional mean differences between regional measures in patients (n=12) and the corresponding measures in controls (n=16) (A) and differences between baseline and the 12-18 month follow up for the patients (B). Panel A shows box and whisker plots of individual patient percentage differences from the mean control values [11C]SA4503 VT/fP (sigma 1 receptor) (left), [18F]BCPP-EF DVRCS-1 (mitochondrial complex I) (middle) and [11C]UCB-J DVRCS-1 (synaptic binding) (right) (Table S1). Panel B shows box and whisker plots of longitudinal patient percentage differences at 12-18 month follow up relative to baseline measures (Table S2).
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Fig.4. Voxel-wise Z score PET images of longitudinal change in patients with AD. Voxel-wise Z score PET images of longitudinal changes in AD patients contrasting the 12-18 month follow up with baseline images in MNI 152 space for [11C]SA4503 VT/fP (sigma 1 receptor) (top), [18F]BCPP-EF DVRCS-1 (mitochondrial complex I) (middle) and [11C]UCB-J DVRCS-1 (synaptic binding) (bottom). 
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Fig.5. Differences in associations between MC1 and SV2A availabilities in the hippocampus of the healthy controls and of patients with AD. Associations between [18F]BCPP-EF DVRCS-1 (MC1, ordinate) and [11C]UCB-J DVRC (SV2A, abscissa) in hippocampus for controls (grey) and patients with AD (red) . 
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Tables



Table 1. Cross-sectional demographic and neuropsychological testing data for patients with AD and cognitively normal controls at baseline
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Table 2. Neuropsychological test results for patients with AD after 12-18 months 
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Supplementary Materials

Fig. S1. Pairwise cross-correlations between brain regional imaging and clinical measures.  
Fig. S2.  Associations between hippocampal [18F]BCPP-EF DVRCS-1  and cognitive performance measures.  
Fig. S3. Associations between hippocampal and parietal [11C]UCB-J DVRCS-1 and language performance measures.  
Fig.S4. Associations between 12-18 month longitudinal changes in memory performance (ACE) for patients with AD and [18F]BCPP-EF DVRCS-1 and [11C]SA4503 VT/fP.  

Table S1.  Baseline differences in regional volumes (g) for AD and CN.
Table S2.  Baseline differences in volume corrected regional CBF (ml/100g/min) for AD and CN.
[bookmark: _Hlk107126336]Table S3.  Baseline differences in volume corrected [11C]SA4503 VT/fP by brain region for AD and CN.
Table S4. Baseline differences in [11C]SA4503 VT/fP without volume correction by brain region for AD and CN.
Table S5.  Baseline differences in volume corrected [11C]UCB-J DVRCS-1 by brain region for AD and CN.
Table S6. Baseline differences in [11C]UCB-J DVRCS-1 without volume correction by brain region for AD and CN.
Table S7. Baseline differences in volume corrected [18F]BCPP-EF DVRCS-1 by brain region for AD and CN.
Table S8. Baseline differences in [18F]BCPP-EF DVRCS-1 without volume correction by brain region for AD and CN.
Table S9. Baseline and follow up differences in regional volume for AD and CN.
Table S10. Baseline and follow up differences in CBF (ml/100g/min) by brain region for AD and CN.
Table S11. Baseline and follow up differences in volume corrected [18F] BCPP-EF DVRCS-1 by brain region for AD and CN.
Table S12. Baseline and follow up differences in volume corrected [11C] UCB-J DVRCS-1 by brain region for AD and CN.
Table S13. Baseline and follow up differences in volume corrected [11C]SA4503 VT/fP  by brain region for AD and CN.
Table S14. Baseline and follow up differences in [18F] BCPP-EF DVRCS-1 without volume correction by brain region for AD and CN.
Table S15. Baseline and follow up differences in [11C]UCB-J DVRCS-1 without volume correction by brain region for AD and CN.
Table S16. Baseline and follow up differences in [11C]SA4503 VT/fP  without volume correction by brain region for AD and CN.

Datafile S1 Primary study data for individual participants.
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p-value’
0.008
0.001
0.003
0.568
0.000
0.070
0.001

0.845
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Measure

MMSE
ACE Total
Attention
Memory
Fluency

Language

Baseline (n=8) Longitudinal (n=8)

Mean

24.38

79.25

15.25

18.12

8.25

23.00

Visuospatial 14.50

SD

3.96

11.08

2.76

5.82

2.25

2.27

1.31

Mean

23.75

77.00

14.25

14.50

8.38

24.50

14.75

SD

5.20

14.00

4.40

6.00

2.77

1.60

1.75

! Paired two-tailed t-test assuming unequal variance

A % p-value!

0.629

0.372

0.227

0.005

0.879

0.072

0.780




