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Introduction: Hereditary transthyretin (ATTRv) amyloidosis caused by the V30M (p. V50M) mutation is a fatal, neuropathic systemic amyloidosis. Liver transplantation has prolonged the survival of patients and central nervous system (CNS) complications, attributed to amyloid angiopathy caused by CNS synthesis of variant transthyretin, have emerged. The study aimed to ascertain amyloid deposition within the brain in long-term ATTRv amyloidosis survivors with neurological symptoms from the CNS.

Methods: A total of 20 patients with ATTR V30M having symptoms from the CNS and a median disease duration of 16 years (8–25 years) were included in this study. The cognitive and peripheral nervous functions were determined for 18 patients cross-sectionally at the time of the investigation. Amyloid brain deposits were examined by [18F]flutemetamol PET/CT. Five patients with Alzheimer's disease (AD) served as positive controls.

Result: 60% of the patients with ATTRv had a pathological Z-score in the cerebellum, compared to only 20% in the patients with AD. 75% of the patients with transient focal neurological episodes (TFNEs) displayed a pathological uptake only in the cerebellum. Increased cerebellar uptake was related to an early age of onset of the ATTRv disease. 55% of the patients with ATTRv had a pathological Z-score in the global cerebral region compared to 100% of the patients with AD.

Conclusion: Amyloid deposition within the brain after long-standing ATTRv amyloidosis is common, especially in the cerebellum. A cerebellar amyloid uptake profile seems to be related to TFNE symptoms.
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INTRODUCTION

The aggregation, distribution, and neurotoxicity of deposited amyloid species in the brain are well-described for the most common neurodegenerative disorder, Alzheimer's disease (AD) (1), but are much less studied in hereditary transthyretin amyloid (ATTRv) amyloidosis. ATTRv is a fatal systemic amyloidosis caused by mutations in the transthyretin (TTR) gene. Amyloid deposition and symptoms are noted for numerous organs such as the peripheral nervous system, heart, eyes, kidneys, and gastrointestinal tract, but rarely for the central nervous system (CNS) (2–4). Currently, more than 140 various mutations are reported with wide variation in the phenotype between the different mutations and within the same mutation (5).

The mechanism behind the phenotypical variation between various mutations has not been established. However, it has been suggested that the combination of low serum levels of mutant relative to wild type TTR together with a mutation that produces a low kinetic and thermodynamic stability of the TTR tetramer predispose to CNS complication. This has been shown for the D18G (pD38G) and A25T (p.A45T) TTR mutations (6, 7). Since this is not the case for the V30M (p.V50M) mutation, this may explain the low occurrence of CNS complications in the natural history of patients with ATTR V30M.

V30M (p.V50M) gives rise to a predominantly neuropathic disease but the phenotype varies. The neuropathic phenotype with early onset (below the age of 50) is associated with an otherwise rarely found type of transthyretin amyloid (ATTR) fibril that consists only of full-length TTR (type B). However, the phenotype characterized by later onset and neuropathy, and cardiomyopathy, is associated with the more common fibril type of a mixture of fragmented and full-length ATTR fibrils (type A) (8).

The disease is relentlessly progressive, and before 1990 when liver transplantation (LTx) was introduced as a treatment, the median survival was 10–13 years for Swedish patients (2, 9). The rationale for LTx was to replace the amyloidogenic mutant TTR produced by the liver with a liver that produced wild-type TTR only. The outcome was encouraging, but continuous deterioration, especially of heart function, was noted for patients with non-TTR V30M and late-onset V30M; this was probably related to amyloid fibril composition (10–12).

Later on, medical treatments have become available, i.e., TTR tetrameric stabilizers since 2011, and recently gene silencing (13–16). However, none of the current treatments affect the variant TTR synthesized by the choroid plexus of the brain or by the retina of the eye, and continuous amyloid formation in the eye has been reported for LTx and medically treated patients (17–19) and also continuous amyloid formation in the leptomeninges after LTx in the TTR Y114C (p.134Y) mutation, a mutation characterized by CNS complications in its natural history (17). In addition, amyloid deposition derived from variant TTR within the brain of patients with long-term surviving LTx was reported from two studies where CNS symptoms attributed to cerebral amyloid angiopathy (CAA) were commonly encountered (20, 21).

The improved survival may provide the necessary time needed for amyloid formation from variant TTR within the brain. However, atrial fibrillation and embolization leading to transient ischemic attack (TIA) and stroke is also common complication in patients with ATTR V30M, and it may be difficult to separate from symptoms of amyloid angiopathy (22).

Detection of ATTR-type CAA by MR examination with gadolinium enhancement has been used to identify meningeal ATTR (23). Further, PET [11C]Pittsburgh component P ([11C]PIB) examination has been used successfully to assess beta-amyloid deposition in the brains of patients with AD and patients with ATTRv (21, 24, 25) and to detect cardiac ATTR (26, 27). However, [11C]PIB's short half-life has promoted the development of newer tracers with longer half-lives and equal imaging properties (28).

Magnetic resonance imaging is suggested to be the most reliable tool in identifying CAA according to modified Boston criteria (29). Since even MRI-secure pacemakers complicate MRI examination, PET with an amyloid tracer appears to be an attractive alternative to detect brain amyloid depositions in patients with ATTRv.

The objective of this study was to visualize the amyloid deposition within the brain in patients with long-standing ATTR V30M amyloidosis and symptoms from the CNS, using PET/CT examinations with a more stable tracer ([18F]flutemetamol). Our primary aim was to evaluate any correlations between the brain amyloid deposition and the symptoms and other disease characteristics of patients. A secondary aim was to see if the amyloid deposition in patients with ATTRv amyloidosis could be distinguished from that of patients with AD. Therefore, patients with AD served as positive controls.



PATIENTS AND METHODS


Patients

In this cross-sectional observational study, 27 long-term V30M ATTR amyloidosis survivors (≥ 8 years after diagnosis) in the counties of Västerbotten and Norrbotten, Sweden, with symptoms from the CNS were identified. Their CNS symptoms should have had an onset after the diagnosis. All the patients have had their diagnosis settled by genetic testing and a positive biopsy for ATTR. In 11 patients, the fibril type had been determined by Western blot analysis (8).

Seven patients did not participate in this study for various reasons that included dementia and advanced disease. Thus, 20 patients underwent PET/CT examination and their medical records were reviewed. Eighteen patients were liver transplanted and the immune suppression regimes were based on tacrolimus for 13 patients, and on cyclosporine A for 4 patients. Data for one patient were not available. Two patients had been treated by TTR stabilizers (diflunisal or tafamidis). No patient had diabetes and no patient had kidney failure requiring dialysis [four patients had an estimated glomerular filtration rate (eGFR), below 60 ml/min/1.73 m2 based on the CKD-EPI equation]. Clinical data are given in Table 1.


Table 1. Clinical data of the 20 patients with hereditary transthyretin amyloid amyloidosis.
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One patient died from septicemia before the planned neurological assessment and one patient desired not to be informed of the outcome of the PET examination or to undergo neurological assessment. Thus, 18 patients underwent clinical evaluation.

Five male patients (age 58–75 years, 3–8 years of cognitive decline), all diagnosed with AD by 18F-fluorodeoxyglucose PET/CT examination and cerebrospinal fluid A-beta levels, were included as a positive control group.



Methods


Clinical Evaluation

A total of 18 patients with ATTRv amyloidosis were evaluated with interviews and clinical examinations between October 2018 and April 2019 after completion of the PET/CT examination. The assessments were done by one examiner (co-author EU). The patients were interviewed for neurological symptoms, especially those indicating transient focal neurological episodes (TFNEs) (30). The peripheral neuropathy disability (PND) score (I–IV) was used to grade the neuropathy and mobilization of patients, where I denotes sensory disturbances in the lower limbs but preserved walking capability, and IV denotes confined to a wheelchair or bedridden (31). Cognitive assessment was made with the Montreal Cognitive Assessment (MoCA) score that has high sensitivity and specificity for mild cognitive impairment and mild AD (90–100% and 87–100, respectively) when a cut-off score of 26 is used (32). The neuropathy was assessed by the Neuropathy Impairment Score-Lower Limbs (NIS-LL), which is well-validated as a reliable measure of ATTR neuropathy (33).

This study did not include concomitant MR brain imaging. Eight patients wore a pacemaker, which prevents MR examination for research purposes. A majority of the patients (13/20) had undergone a CT or MR examination within 4 years. Six of these patients had MR imaging (of which three were with gadolinium contrast), and seven had CT brain imaging (of which four showed ischemic stroke). One of the three patients who had MR imaging with gadolinium contrast had a pronounced leptomeningeal enhancement.



PET/CT

All the PET/CT examinations were acquired with a GE Discovery 690 PET/CT scanner (General Electric, Wisconsin, USA). The participants were injected intravenously with 173–195 MBq (4.7–5.3 mCi) [18F]flutemetamol that was manufactured according to PET Current Good Manufacturing Practice (cGMP) standards (34, 35). Following a low-dose CT (120 kV, 10 mA, 0.8 s rotation time), a 30-min PET scan of the brain was performed that started 90 min postinjection. All the PET images were reconstructed to a voxel size of 1.95 × 1.95 × 3.27 mm3 with the VuePoint SharpIR iterative algorithm (6 iterations, 24 subsets, 3.0 mm cutoff filter) employing time-of-flight, decay, attenuation, and scatter correction (28, 36).

Data were analyzed with the CortexID software (GE Healthcare) that compares brain regions to a built-in atlas of healthy (age 30–85 years) 18F-flutemetamol scans (37). Relative uptake is quantified for each region as the uptake is divided by the uptake in the reference region pons. The Z-score relative to the healthy-subject database is calculated for each region. In addition, a global composite Z-score for multiple brain regions is calculated (38). A Z-score above two is classified as an abnormally increased amyloid burden. Cortex-ID has no age correction for [18F]flutemetamol because amyloid density measured by amyloid PET in negative patients has a very weak correlation with the age of the patient.



Statistical Methods

Non-parametrical methods were used for descriptive and statistical analysis. Differences between groups were analyzed by the Mann–Whitney U test and correlations by the Spearman's test. A P-value below 0.05 was accepted as statistically significant.



Ethics

This study was approved on April 4, 2017 by the regional Ethics Committee at the Umeå University (2017/84-31). All the patients, and when appropriate for patients with AD a close relative, were informed orally and in writing of this study, and all had agreed to participate and signed a consent form.





RESULTS

The neurological symptoms and findings are shown in Table 2. All 11 the patients, who had had their ATTR fibril type determined had type B fibrils, and their [18F]flutemetamol uptake was not different from that of the remaining 9 patients; therefore, we believe that we have a homogeneous group of mostly type B patients. The outcome of [18F]flutemetamol PET is shown in Table 3 and given in Figure 1.


Table 2. Neurological symptoms and findings.
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Table 3. Outcome of [18F]flutemetamol PET/CT examination.
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FIGURE 1. PET/CT examination of [18F]flutemetamol shown as Z-score in the brain in relation to pons from a left lateral view of the brain. The intensity of the uptakes is visualized on the left panel and is graded from low increased uptake in blue (Z-score +2SD) to high increased uptake in red (Z-score +8SD). (A) An ATTR V30M patient with 15 years of disease showing no increased uptake; (B) an ATTR V30M patient with 16 years of disease showing increased uptake in the cerebellum, (C) an ATTR V30M patient with 27 years of disease showing diffuse increased uptake in the brain, and (D) an Alzheimer's patient with generalized increased uptake in the frontoparietotemporal regions.



Global Cerebral Amyloid

55% of the patients with ATTRv amyloidosis had an abnormally increased cerebral amyloid burden (global composite Z-score > 2) compared to 100% in the patients with AD.

The composite Z-score was significantly lower in the patients with ATTRv amyloidosis compared to the patients with AD. There was no correlation between the patients with ATTRv amyloidosis global composite Z-score and ATTRv disease duration, onset, time of diagnosis, or MoCA score (Table 3). However, the male patient displayed a higher uptake than female patients. Seventy-five percent of the patients with ATTRv had a pathological Z-score in either the global composite cerebral or cerebellar region.



Cerebellar Amyloid

In the cerebellum, the Z-score was pathological (Z-score > 2) in 60% of the patients compared to 20% in the patients with AD. The patients with ATTRv amyloidosis had a significantly higher Z-score in the cerebellum than the patients with AD (P = 0.025). There was no correlation with the duration of the disease (Table 3). However, the cerebellar Z-score of patients with ATTRv amyloidosis was correlated with their age at disease onset, where younger patients showed a higher cerebellar [18F]flutemetamol uptake (Figure 2 and Table 3).


[image: Figure 2]
FIGURE 2. Scatter plot of the relationship between (A) composite Z-score and duration of disease from diagnosis (rS = −0.20; NS) and (B) relationship between Z-score cerebellum and age at onset (rS = −0.45; P < 0.05).


Figure 2 indicates that the patients with ATTR V30M appear to consist of two groups; one with an age of onset above 40 years in which the increased brain amyloid deposition (Z-score > 2) is evenly distributed between the different regions, and another group with a disease onset below the age of 40 in which the amyloid distribution is noted especially in the cerebellum. Five patients with ATTRv showed a pathological Z-score only in the cerebellum (and a non-pathological global composite Z-score). No significant difference in uptake between males and females was noted.



Regional Difference in Amyloid Uptake

In Figure 3, we have summarized the Z-score pattern for all the brain regions in patients with ATTRv below and over 40 years of age together with patients with AD. In contrast to the older group, the younger group shows a pattern with pathological Z-score in the cerebellum, sensorimotor cortex, and mesial temporal regions. In all the other regions, between 30 and 70% of the patients with ATTR V30M showed a pathological Z-score compared to almost 100% in the AD group. Interestingly, the younger age group (<40 years at onset) had a higher percentage of pathological Z-scores in the mesial temporal region compared to that of patients with AD.


[image: Figure 3]
FIGURE 3. Fraction of patients with pathological Z-score (>2) in different brain regions. Curves represent patient groups: AD (orange), ATTR V 30M age <40 (gray), and ATTR V30M age >40 years (yellow).


No correlation was noted for any region between cognitive impairment (MoCA) and amyloid uptake (pre-frontal, anterior and posterior cingulate, precuneus, parietal, mesial and lateral temporal, occipital, sensorimotor, and cerebellum).



Clinical Parameters and Outcome of PET

Four patients had transient focal neurological episodes (TFNEs) that included speech difficulties or aphasia, migrating paraesthesia in one arm, and for one patient a status epilepticus. Interestingly, three of the four patients with TFNEs belonged to the group of five patients with pathological cerebellar uptake, but normal global composite Z-scores (the 4th patient with TFNE had no signs of CNS amyloid). In addition, the patient with abnormal contrast enhancement on MR examination and symptoms consistent with TFNEs displayed a high cerebellar Z-score (4.15), but a normal global composite Z-score (1.87). None of the patients with TFNEs, including the patient with status epilepticus, had a composite Z-score >2.

Four other patients displayed a radiological confirmed ischemic stroke. All of these patients had atrial fibrillation and a composite median Z-score of 2.42 (−0.1 to 4.84).




DISCUSSION

The main findings in this study were that even though the amyloid deposition in the brain, visualized with the amyloid tracer [18F]flutemetamol in long-term ATTR V30M survivors was higher compared with the healthy-subject database (28), not all the patients developed abnormal amyloid deposits in the brain, irrespective of long disease duration. Furthermore, the depositions were especially confined to the cerebellum, which was related to age at disease onset, but not to disease duration. The latter is in contrast to the findings reported from Japan, where the uptake was correlated with disease duration (21). Since Japanese and Portuguese patients with ATTR V30M are generally younger at their disease onset, this may explain the higher reported incidence of CNS complications in their populations (20, 21).

Our findings indicate that a subgroup of patients is more susceptible to brain ATTR amyloid formation. It can be speculated, that an early onset of the disease implies that the ability of the chaperone system to degrade misfolded proteins is impaired at a young age. We have previously shown, that livers from patients with ATTR V30M have an impaired ER/protein folding pathway with differences in gene expression of chaperones [(39) #70]. The situation may be similar in the TTR producing choroid plexus of the brain, i.e., that an early onset of the disease is associated with an early and a more profound dysfunction of the chaperone system.


Cerebellar Uptake

We observed that the probability of pathological cerebellar uptake was three times higher in patients with ATTRv than in patients with AD. It may be speculated that the molecular structure (i.e., the strain conformation) of deposited amyloid in ATTRv is different from amyloid-β fibrils deposited in AD in such a way that amyloid seeding will preferentially target different cell populations and structures (i.e., occurring with a cerebellar distribution rather than occurring more diffusely in the neocortex as in AD) (40). However, the molecular and functional differences between brain amyloid formation in ATTRv and AD are not well-understood. The higher uptake in the cerebellum of patients with ATTRv amyloidosis compared with that of patients with AD was previously reported (21).

For patients characterized by CNS symptoms in the natural history of the disease, a poor outcome has generally been observed after LTx (12). However, for the Y114C, the outcome has been acceptable even though an increased meningeal amyloid accumulation after transplantation was noted (17, 41).



Differentiating AD and ATTRv

A secondary aim of this study was to see if patients with ATTRv having CNS amyloid could be distinguished from patients with AD using PET/CT examinations. Since patients with ATTRv had a more pronounced cerebellar distribution than patients with AD, we suggest that a pathological cerebellar [18F]flutemetamol uptake in patients with ATTRv points to ATTR deposition rather than AD.



TFNE and CAA

Three patients with TFNEs displayed pathological cerebellar uptake with non-significant global cerebral uptake, a finding that supports the clinical relevance of increased cerebellar uptake as a marker of ATTR CAA in patients with TFNEs. Interestingly, vascular amyloid depositions in the cerebellum, is usually confined to cerebellar cortical and leptomeningeal vessels (42), and a robust association between a strictly superficial cerebellar microbleed pattern and CAA has been noted (43).

CAA symptoms were suggested to be caused by an “amyloid spell” leading to micro-bleedings (44). Interestingly, microbleedings were previously been reported in long-term ATTR amyloidosis survivors (20, 45). It should be mentioned that [11C]PIB PET did not show increased uptake in a Japanese patient with biopsy verified amyloid depositions within the brain, but MR examination showed late gadolinium enhancement of the meninges (46). It would be interesting to compare amyloid PET with gadolinium contrast MR in these patients.



Stroke and Atrial Fibrillation

Atrial fibrillation and cardiac embolization are well-recognized complications for this group of patients (22), and four of our patients with ischemic stroke had atrial fibrillation and were on anticoagulation therapy. Their composite Z-scores varied from normal to clearly increased. However, our findings suggest that if a PET examination with an amyloid tracer displays no increased amyloid depositions within the cerebellum, a search for intermittent atrial fibrillation should be considered.

We still treat atrial fibrillation with anticoagulation (22), but we recommend novel oral anticoagulants (NOAC), even though the evidence is lacking for a decreased bleeding risk for NOAC treated patients with ATTRv (47).



Amyloid Fibril Type

All patients that had their amyloid fibril type determined had type B, i.e., full-length TTR. In a previous heart study, a higher affinity of [18F]flutemetamol and [11C]PIB was noted for patients with type B fibrils (26, 48). However, the fibril type in ATTR CAA has not been determined in any patient, and we do not know if the fibril type found in fat pad biopsies also represents the fibril type within the brain.



Memory

We noted that memory disturbances were reported by nearly 50% of the patients. Although there was no correlation between composite Z and MoCA scores, the frequently reported memory disturbances merit further investigation. All patients with increased Z-score, and who complained of memory disturbances were offered further evaluation according to the study protocol.



Limitations

We did not have a reference group of healthy age-matched controls. We acknowledged that the ethical consequences of investigating healthy individuals could be problematic, since it is well-recognized that accumulation of amyloid within the brain occurs years before the individual displays any symptoms of AD, so we did not achieve ethical permission to investigate healthy controls. It would also have been interesting to investigate patients with mutations characterized by CNS complications in the natural history of the disease; however, no such patients were available.

In the evaluation of cerebral amyloid load, the analysis method was adapted from that used for patients with AD. One limitation could be that ATTRv is a systemic amyloid disease affecting all regions probably including the reference pons region. This might lead to false-negative results since the method relies on a ratio toward the reference region. Some of the patients with a high cerebellar uptake might have an accompanying increased uptake in adjacent pons leading to an underestimated Z-score.

In addition, the amyloid fibril composition within the brain has not been determined in any patient and considering the lower affinity of the tracer for type A fibrils, patients with type A ATTR depositions within the bran may have been missed.




CONCLUSION

Amyloid deposition within the brain after long-standing ATTRv amyloidosis is common, especially in the cerebellum. A cerebellar amyloid uptake profile seems to be related to TFNE symptoms suggestive of a possible CNS phenotype.
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