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Abstract: Background: The improvements in dialysis have not eliminated long-term problems,
including dialysis-related amyloidosis (DRA), caused by Beta-2 microglobulin deposition. Several
types of scintigraphy have been tested to detect DRA, none entered the clinical practice. Aim of
the study was to assess the potential of PET-FDG scan in the diagnosis of DRA. Methods: Forty-six
dialysis patients with at least one PET scan (72 scans) were selected out 162 patients treated in
2016–2018. Subjective global assessment (SGA), malnutrition inflammation score (A), Charlson
Comorbidity Index (CCI), were assessed at time of scan; 218 age-matched cases with normal kidney
function were selected as controls. PET scans were read in duplicate. Carpal tunnel syndrome was
considered a proxy for DRA. A composite “amyloid score” score considered each dialysis year = 1
point; carpal tunnel-DRA = 5 points per site. Logistic regression, ROC curves and a prediction model
were built. Results: The prevalence of positive PET was 43.5% in dialysis, 5% in controls (p < 0.0001).
PET was positive in 14/15 (93.3%) scans in patients with carpal tunnel. PET sensitivity for detecting
DRA was 95% (specificity 64%). Carpal tunnel was related to dialysis vintage and MIS. A positive
PET scan was significantly associated with dialysis vintage, MIS and amyloid score. A prediction
model to explain PET positivity combined clinical score and MIS, allowing for an AUC of 0.906 (CI:
0.813–0.962; p < 0.001). Conclusions: PET-FDG may identify DRA, and may be useful in detecting
cases in which inflammation favours B2M deposition. This finding, needing large-scale confirmation,
could open new perspectives in the study of DRA.

Keywords: dialysis; dialysis related amyloidosis; long-term consequences of dialysis; Carpal Tunnel;
PET-FDG

1. Background

The improvements in dialysis treatment over its almost six decades of use, and the widespread
development of kidney transplantation have consistently reduced, but not eliminated, several long-term
problems, including the rapid progression of diffuse vascular and cardiac diseases, premature ageing,
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nutritional problems and dialysis- related amyloidosis (DRA) [1–8]. DRA is the hallmark of the diseases
related to incomplete long-term correction of the uremic syndrome: in this regard, it can be considered
the prototype of the “survivors’ diseases” that affect patients that survive the acute challenges of
uraemia long enough to develop diseases or conditions, not previously described [9–16].

The main element in the pathogenesis of DRA is linked by Beta-2 microglobulin deposition; Beta-2
microglobulinis a polypeptide of 11.8 kilo-Daltons, is physiologically present on the surface of most
nucleated cells and in most biological fluids, including blood, urine and synovial fluid; it forms the
Beta chain of the human leukocyte antigen class I molecule (HLA-1), and is characterized by a beta
pleated structure. The normal production rate has been estimated as between 2 and 2.5 mg/Kg/day,
and its removal is mainly by glomerular filtration and tubular breakdown. As a consequence, its level
increases in chronic kidney disease (CKD), as it is the case of most “middle molecules” whose toxicity
explains many of the signs and symptoms of advanced CKD [17–23].

While virtually all organs and tissues may be involved, the deposits have a preference for
joints, muscles and bone, and amyloid-related arthropathy continues to afflict patients on long-term
dialysis [8–25].

Beta-2 microglobulin, in native or modified, with partially proteolysis, oxidation or conjugation
with advanced glycation end products (AGEs), is the key universal component of the deposits, but it is
not the only one, and the relative contribution of other substances, including serum amyloid component
P, apolipoprotein E or glycosaminoglycand, is likely to play a role in the different clinical manifestations
of the disease. One particular characteristic of DRA is its link with inflammation. At the local level,
Beta-2 microglobulin, and even more the modified forms, including AGE-Beta-2 microglobulin, are
capable of directly enhancing bone reabsorption via the induction of several lymphokynes, including
interleukin 1 and 6 (IL-1, IL-6) and tumor necrosis factor (TNF). Furthermore, Beta-2 microglobulin
may by itself act as a growth factor [18–21]. A specific affinity for collagen has been reported, in vivo
and in vitro; this may explain the fact that the first clinical manifestations usually involve collagen-rich
tissues, like joints [20–23].

The link with systemic inflammation is likewise important: systemic inflammation enhances
Beta-2 microglobulin production, and DRA has been reported as more frequent in patients with
inflammatory diseases, or treated with non-biocompatible dialysis membrane or non-ultrapure water,
and indeed, improvement in water quality, together with the advances in the dialysis techniques and
supplies, is considered as of pivotal importance in reducing the incidence, or at least delaying the
clinical onset of DRA [22–35].

Acknowledgement of the importance of DRA has allowed nephrologists to identify a potential
marker of uremic toxicity, and Beta-2 microglobulin has consequently become the main marker of
“middle molecule” accumulation [20,21,36–41].

There is little hope that we will be able to reverse DRA in the near future. Beta-2 microglobulin is
always in a positive balance in dialysis patients, with all modalities and with any type of membrane,
even if its levels are linked to dialysis efficiency and membrane permeability and water quality [42,43].
As previously noted by Canaud, a supporter of high-flux, pre-dilution haemodiafiltration, Beta-2
microglobulin is a uremic toxin with a double meaning: it is a marker of depuration as well as of
chronic inflammation, which, when he was writing, was called “patient bioactivity” [28]. Circulating
levels are poor markers of tissue deposition, thus making the establishment of “threshold levels” for
adequate dialysis, of limited value.

Even if efficient dialysis and highly permeable membranes reduce the speed at which Beta-2
microglobulin accumulates, the disease has not disappeared, although less attention is paid to it in
daily clinical practice [31,44–46].

While the histologic evidence of amyloid deposits in different organs and tissues is pathognomonic
of the disease, biopsies are seldom performed and diagnosis relies on clinical data, supported by
imaging. Its different presentations make diagnosis and grading difficult and the single element
usually considered as a proxy of the clinical onset of DRA is carpal tunnel syndrome [20,21,47].
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Its occurrence in patients on chronic dialysis is considered as linked to DRA, unless otherwise
proven [20,21,47]. The description of amyloid staging recently proposed by nephrologists in Japan
considered criteria other than carpal tunnel syndrome, including osteoarticular pain, trigger finger and
destructive spondylarthropathy [48]. The limits for this classification reside in the lack of specificity of
osteoarticular pain in the elderly population, as well as in the fact that radiological signs can be missed
in the absence of specific attention or training.

It is in this context that attempts have been made to identify a “functional” test that would
make early differential diagnosis possible and enable us to test the efficacy of different forms of
treatment. Several types of scintigraphy have been tested, including bone scintigraphy, scintigraphy
with marked P-amyloid component, gallium, thallium and Beta-2 microglobulin (see Supplementary
Table S1) [49–55]. The best results were obtained using scintigraphy with Beta-2 microglobulin, which
however never actually became part of the clinical practice [21,54].

Due to the link of DRA with local, inflammation, positron emission tomography with
fluorodeoxyglucose (PET-FDG), which is able to detect sites of increased inflammatory activity,
by detecting the metabolic activity of tissues, measured by glucose uptake, could be a potential tool for
early detection of DRA. In spite of its theoretical interest, however, PET has been proposed so far in
only two case reports, including a recent one by our group [55,56]. The present study was undertaken
in this context to try to assess the potential of PET scan in the diagnosis of amyloid lesions in a large
cohort of high-comorbidity dialysis patients, in which PET scan had been performed for different
reasons (such as diagnosis and follow-up of neoplasia, search for occult infection, vasculitis).

2. Materials and Methods

2.1. Settings and Patients

The study was undertaken in the Centre Hospitalier du Mans (CHM), which is presently one of the
three largest non-university hospitals in France. The pool of patients on chronic extracorporeal dialysis
treatment ranges from 95 to 110, depending on the incidence of kidney transplantation, death and
transfers. In keeping with the indications of the French Society of Nephrology (Société Francophone
de Néphrologie, Dialyse et Transplantation, SFNDT), out-of-hospital dialysis is widely used and only
cases posing particular clinical, attitudinal or psychological problems are managed in the hospital.
Hence, the population studied is a large sample of the most difficult patients treated in the area.
The most widely used technique is post-dilutional on-line haemodiafiltration (HDF), with acetate-free,
citrate-based dialysate (calcium concentration 1.5–1.75 mmol/L; sodium 138–140 mEq/L; bicarbonate
32–38 mmol/L; temperature 36 ◦C–37 ◦C; potassium 2 mmol/L, corrected with potassium infusion in
case of need). At the beginning of the study, prescriptions were mainly standardized to include the
following: high-permeability membranes with a surface at least as wide as the patient’s body surface,
reinfusion of at least 24 litres per session [57]. Conventional haemodialysis was performed with the
same dialysate, employing low-, medium- and high-permeability dialysers. About two thirds of the
patients were dialysed with an arteriovenous (AV) fistula, the rest with a permanent tunneled catheter.
The dialysis policy was progressively shifted towards personalisation of treatment, with wide use of
incremental dialysis, and the development of more frequent dialysis [58].

Dialysis efficiency was calculated using Daugirdas-II Kt/V. Comorbidity was assessed using the
Charlson Comorbidity Index (CCI); Subjective Global Assessment (SGA) and Malnutrition Inflammation
Score (MIS) were also employed in all cases [59–63]. Beta-2 microglobulin was assessed in the context
of regular monitoring of dialysis sessions, with frequency varying between once yearly in 2016, at the
start of observation, to 6 times per year in 2018.

Carpal tunnel syndrome was considered a proxy for dialysis-related amyloidosis, excluding cases
in which diagnosis antedated dialysis start. In keeping with the indications of the Japanese school,
formal histological demonstration of Beta-2 amyloid deposits was not required for definition; however,
DRA was histologically confirmed in all cases for which morphologic analysis was available [47].
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A composite continuous score was also employed. The following options were explored, and the
last one was chosen to build it, given its simplicity and better yield.

- each dialysis year = 1 point; each year of kidney transplantation = 0.2 point; each year of CKD
stages 4-5 = 0.2 point; carpal tunnel or evidence of DRA = 5 points per site up to a maximum of
4 sites

- each dialysis year = 1 point; each year of kidney transplantation = 0.2 point; carpal tunnel = 5
points per site

- each dialysis year = 1 point; carpal tunnel or evidence of DRA = 5 points per site up to a maximum
of 4 sites

2.2. Selection Criteria: Patients

Of the 162 patients on chronic dialysis who were followed in the period 2016-2018, those who had
had one or more PET scans after the start of dialysis were selected: 46 patients had had at least one PET
scan performed after the start of dialysis. Overall 72 PET scans were considered for the present study.

The following information was gathered for all patients: sex, age, kidney disease, PET indications,
presence and type of cancer (previous and active), presence and type of systemic disease, carpal tunnel,
subjective global assessment (SGA), malnutrition inflammation score (MIS), Charlson Comorbidity
Index (CCI), kidney transplant, date of start of dialysis, time in dialysis (years), time on renal
replacement therapy (RRT). All indexes were assessed at the time of each PET scan; Kt/V, serum
albumin and Beta-2 microglobulin were also recorded (the data nearest to the PET scan was included).

2.3. Selection Criteria: Controls

From all the patients who had a PET scan in CHM’s nuclear medicine department between
September 2018 and January 2019, we selected 218 controls in the same age range (34–89 years) as the
dialysis cases, with normal kidney function, excluding patients with any type of amyloidosis and any
known inflammatory process in their joints and bones, or with hip and/or shoulder metastases. Most
of the patients selected were in follow-up for a neoplastic disease. Sex, age, PET indications and type
of neoplasia were recorded in all cases.

2.4. PET Scan

Positron Emission Tomography was performed in the same setting in all cases. The procedure
was described to patients and those who agreed to participate gave informed written consent. PET/CT
studies were performed using the same Discovery ST scanner (General Electric Medical Systems,
Waukesha, WI, USA). Patients were told to refrain from food intake for at least six hours before scanning;
at the time of their tracer injection, all patients presented a blood glucose level under 220 mg/dL.
Whole-body emission scans were acquired beginning 60 min after the intravenous injection of FDG
(dose range: 2.5 MBq/kg). The acquisition protocol started with a scout view (a two-dimensional CT
projection of the patient), which was used to define the body axial extension for which to acquire CT
and PET data. Once the scan range was defined, CT was performed (voltage 130-150 kV, tube current
56–90 mAs) from the proximal femur to the base of the skull. This scan lasted approximately 1 min and
was used for both anatomical localization and attenuation correction of the PET emission data. PET
data on the whole-body distribution of the tracer was acquired in 3D mode from the pelvis to the head
(2 min per field of view [FOV]; 8–9 FOV). Coronal, sagittal and transverse data sets were reconstructed.
The image reconstruction was performed as a 3D reconstruction of FOV iterative algorithms (50 cm,
image matrix size: 128 × 128). All viewing of co-registered images was performed with dedicated
Keosys imaging reading software.

A Standardized Uptake Value (SUV) was calculated by defining a region of interest (ROI) around
the metabolically active lesion in the PET images, i.e. we found the plane with the hottest voxels and
then measured that plane’s maximum SUV using the formula SUV = activity (MBq/mL) × body weight
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(g)/injected dose (MBq). We performed the same procedure for two adjacent planes and considered the
average of these measures for our analysis.

On the basis of the sites most commonly involved in DRA, we manually drew the ROIs on
shoulders, hips and liver, calculating the SUV for each one. We considered a patient as “positive”
if the SUV of at least one of their joints was superior to that of the liver. We then performed visual
reading, focusing on the spherical periarticular pattern, to exclude false positives (for example, an
acute inflammatory phase of an arthrosis). In cases of a prosthetic hip or shoulder, the prosthetic joint
was not considered.

Each patient’s PET scans were read by at least one member of the team at the Centre Hospitalier
du Mans (CHM), under the supervision of CB, and by at least one member of the team working at the
IRMET Institute in Torino, Italy, blinded to the initial diagnosis and to patients’ clinical characteristics;
discrepancies were solved through discussion. Figure 1a–c reports an example of a positive, a negative
and a non-specific pattern.

Figure 1. (a) clearly positive pattern (patient with long dialysis follow-up, elevated SUV at the
shoulder level, with circumferential pattern); (b) negative pattern (control patient without FdG uptake);
(c) non-specific pattern (scattered positivity, without circumferential pattern).

Whole-body emission scans acquired beginning 60 min after the intravenous injection of FDG
(2.5 MBq/kg). Images are combined with CT scan (voltage 130–150 kV, tube current 56–90 mAs)
The image reconstruction was performed as a 3D reconstruction of FOV iterative algorithms (50 cm,
image matrix size: 128 × 128). All viewing of co-registered images was performed with dedicated
Keosys imaging reading software.
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2.5. Statistical Analysis

Descriptive analysis was performed as appropriate (mean and standard deviation for parametric
data and median, minimum-maximum for non-parametric data). Independent t-test, Chi-square test,
Fisher’s exact test, Anova Test and Kruskal-Wallis were used where indicated for comparisons between
groups. Significance was set at <0.05.

Positive and negative predictive values were calculated considering carpal tunnel as a reference
(acknowledged proxy for clinically evident dialysis-related amyloidosis).

To make it possible to analyse the PET scan results (dichotomised: positive-negative) via a ROC
curve, we initially built ROC curves between carpal tunnel syndrome (dichotomous) and the “clinical
amyloid score” (continuous); in cases of high performance of the ROC curve, we planned to test clinical
amyloid score (continuous) versus PET results (dichotomous).

A further logistic regression included cases and controls, the positivity of the PET scan as the
outcome, and the presence of dialysis treatment, age and sex as explanatory covariates.

A series of multiple logistic regression analyses was performed in the dialysis cohort. For this
analysis, each test was considered as a “case” (analysis per scan).

The selection of the explanatory covariates followed both the results of the descriptive analysis
and clinical logic (those known or suspected to be associated in previous studies); a stepwise backward
method was chosen.

The outcome in our first series was the presence of carpal tunnel, and in the second series the
positivity of PET scan, using the following explanatory covariates: age, sex, presence of vasculitis or
systemic disease, MIS index, duration of dialysis follow-up. Continuous variables were dichotomised
either at the median or at a clinically sound term: age (median); dialysis vintage (carpal tunnel analysis:
10 years, since all positive cases were above the median; at the median in the analysis considering the
positivity of PET scan as an outcome); the clinical score was dichotomised using the Youden index
(resulting from the ROC curve analysis); the MIS index was dichotomised at 5 (considering that this is
the usual limit between low and high inflammatory states). Kidney transplantation was not included
as it correlated with dialysis vintage (young patients at start of dialysis are frequently transplanted).

To explain the PET positivity found, a prediction model was built by combining the clinical
amyloid score and MIS score. The best model was built empirically by adding the MIS index multiplied
by a factor of 2.7 to the clinical amyloid score; this choice took into account the different scales of
the two indexes (maximum clinical score: 62, maximum MIS score: 19). Internal validation of the
model was performed through the leave-one-out method [64]. The analysis was performed with SPSS
software v.14.0 (IMB Corp., Chicago, IL, USA) and MedCalc v.18 (MedCalc Software, Ostend, Belgium).

2.6. Ethical Issues

All the patients enrolled were adults and agreed to allow use of their routine clinical and
biochemical data for the sake of this study.

The present cross-sectional study did not involve additional blood tests or additional imaging
techniques. It was approved by the ethics committee in Le Mans (“Avis favorable du groupe d’éthique
du Centre Hospitalier du Mans”, date: 14/06/2018).

3. Results

3.1. Baseline Data

Table 1 reports the main demographic characteristics of dialysis patients and controls with normal
kidney function.
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Table 1. Main demographic data of the study group (per patient).

Dialysis Patients
(n = 46)

Controls
(n = 218) P

Age (years), median (min–max) 71.7 (33.6–89.2) 67.6 (34.8–89.3) 0.0179

Sex (% females) 54.3% 48.6% 0.4813

Serum creatinine (µmol/L),
median (min-max) Dialysis 68 (39–106) -

Positive “shoulder and hip
pattern” at PET-FDG, n (%) ** 20 (43.5%) 11 (5.0%) <0.0001

Legend: PET-FDG: Positron emission tomography with fluorodesoxyglucose; ** patients who tested positive at
least once at PET scan were considered positive in the analysis of dialysis patients. Analysis per PET scan. Dialysis
patients only: 31 (43.1%) positive PET scans and 41 (56.9%) negative PET scans. Controls: one PET scan per patient
(p < 0.0001). Bold values: statistically significant p values.

The prevalence of PET scans showing the distinct “shoulder and hip” pattern is significantly
different in patients and controls: 5% in controls versus 43.5% in dialysis patients (p < 0.0001).

In both cases and controls, a diffuse, often circular or semicircular articular involvement was
observed; however in the positive controls, only one joint was involved in most cases (9/11) patients
and only 2 patients demonstrated 2 affected joints, while dialysis patients tended to demonstrate
diffuse bilateral involvement, albeit often of different intensity.

The dialysis population, described in Table 2, is elderly and at high comorbidity, the reasons why
a complex imaging test such as PET scan is so often chosen.

Table 2. Main data for dialysis patients.

All Patients (n = 46) All PET Scans (n = 72)

Age (years), median (min–max) 71.7 (33.6–89.2) 71.1 (33.6–89.2)

Sex, (% female) 54.3% 54.2%

Cancer, n (%) 21 (45.7%) 39 (54.2%)

Vasculitis, n (%) 12 (26.1%) 18 (25.0%)

Dialysis vintage (years), median (min–max) 3.7 (0.1–42.1) 3.4 (0.1–42.1)

Kidney transplant, n (%) 6 (13.0%) 11 (15.3%)

Kt/V, mean (±SD) 1.48 (±0.36) 1.49 (±0.33)

Albumin (g/L), mean (±SD) 32.7 (±4.3) 32.9 (±4.32)

Beta-2 microglobulin, mean (±SD) 27.5 (±9.1) 27.0 (±8.3)

Charlson Comorbidity Index, median (min-max) 9 (3–12) 9 (3–12)

MIS, median (min–max) 8 (3–19) 7 (3–19)

SGA

A, (%) 63.0% 66.7%

B, (%) 30.4% 26.4%

C, (%) 6.6% 6.9%

PET-FDG positive, n (%) 20 (43.5%) 31 (41.3%)

Carpal Tunnel positive, n (%) 7 (15.2%) 15 (20.8%)

Legend: PET-FDG: Positron emission tomography with fluorodesoxyglucose; SGA: Subjective global assessment: A:
well nourished; B: moderate malnutrition; C: severe malnutrition.

In this cohort, seven patients presented a carpal tunnel. Morphological confirmation of the
presence of Beta2 amyloidosis in patients with carpal tunnel was available in 5/7 cases (in one case the
intervention was too old to be tracked in the electronic records and the morphologic description was
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not available, and in another one it was performed in a different setting; both presented evidence of
destructive spondilartropathy, another acknowledged hallmark of DRA). In keeping with the close
relationship between DRA and duration of renal replacement therapy, Table 3 shows that dialysis
vintage was significantly higher in patients with carpal tunnel (13.2 versus 1.6 years); no difference
was observed for Kt/V and Beta-2 microglobulin levels in proximity of the PET scan, while albumin
levels were lower and prevalence of malnutrition at the SGA score was significantly higher in patients
with carpal tunnel. Significantly, a kidney transplant was more frequent in these patients, probably
as a reflection of their younger age at the start of renal replacement therapy. All patients with carpal
tunnel had at least one positive PET scan, while positivity at PET scan was found in 14/15 tests (93.3%).
Conversely, PET scan tested positive in about 30% of the patients without carpal tunnel syndrome
(Table 3).

Table 3. Dialysis patients: data sorted according to presence of carpal tunnel (C.T.).

Patients Considered PET Scans Considered

C.T. Positive
(n = 7)

C.T. Negative
(n = 39) P C.T. Positive

(n = 15)
C.T. Negative

(n = 57) P

Age (years), median
(min-max)

67.8
(57.6–82.6)

72.0
(33.6–89.2) 0.3510 67.6

(57.6–82.6)
71.5

(33.6–89.2) 0.0661

Sex, (% female) 57.1% 53.8% 0.8733 60.0% 52.6% 0.6128

Cancer, n (%) 3 (42.9%) 18 (46.2%) 0.8733 7 (46.7%) 32 (56.1%) 0.5153

Vasculitis, n (%) 1 (14.3%) 11 (28.2%) 0.4450 2 (13.3%) 16 (28.1%) 0.2442

Dialysis vintage (years),
median (min–max) 13.2 (6.1–42.1) 1.6 (0.1–21.2) 0.0006 14.3 (6.1–42.1) 2.3 (0.1–21.2) <0.0001

Kidney transplant, n (%) 3 (42.9%) 3 (7.7%) 0.0119 8 (53.3%) 3 (5.3%) <0.0001

Kt/V, mean (±SD) 1.59 (±0.33) 1.46 (±0.37) 0.4110 1.60 (±0.27) 1.46 (±0.34) 0.1520

Albumin (g/L), mean
(±SD) 28.3 (±4.1) 33.4 (±4.0) 0.0070 31.5 (±5.2) 33.2 (±4.1) 0.1860

Beta-2 microglobulin,
mean (±SD) 26.6 (±10.5) 27.6 (±9.0) 0.7990 26.3 (±8.1) 27.2 (±8.1) 0.7260

Charlson, median
(min–max) 9 (3–12) 9 (4–11) 0.7805 9 (3–12) 9 (4–11) 0.2304

MIS, median (min-max) 9 (5–19) 7 (3–14) 0.1319 9 (4–19) 6 (3–14) 0.1061

SGA

A, (%) 57.1% 64.1%

0.0316

66.7% 66.7%

0.0012B, (%) 14.3% 33.3% 6.7% 31.6%

C, (%) 28.6% 2.6% 26.7% 1.8%

PET SCAN positive, n (%) 7 (100%) 13 (33.3%) 0.0012 14 (93.3%) 17 (29.8%) <0.0001

Legend: PET-FDG: Positron emission tomography with fluorodesoxyglucose; SGA: Subjective global assessment: A:
well nourished; B: moderate malnutrition; C: severe malnutrition. C.T.: Carpal Tunnel; SD: Standard Deviation;
MIS: Malnutrition Inflammation Score. Bold values: statistically significant p values.

PET scans were usually concordant when retested. There were two exceptions. The first was a
72-year-old woman who had undergone carpal tunnel surgery two years previously, dialysis vintage 9
years (amyloid score at the first PET scan 19.09; MIS: 4) on dialysis for chronic pyelonephritis on a
single kidney. She tested negative at the first scan and positive at the second one (dialysis vintage 10
years; amyloid score at the second PET scan 20.06; MIS: 9).

The second patient, a woman who was 53 years old at the time of her first PET scan, on dialysis
for less than one year for antiphospholipid syndrome, tested positive at the first PET scan performed
in the context of a search for an occult neoplasia (hypercalcemia, granulomatous disease of presumed
tubercular origin; amyloid score at first scan: 0.44; MIS: 11). Three months later, she tested negative at
the second scan, when, after having started anti-tubercular treatment, resolution of hypercalcemia had
been achieved and her inflammatory and nutritional status had improved (amyloid score 0.73; MIS: 6).
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3.2. Indications for PET Scans

The following were the main indications for performing PET scan: follow-up of a known neoplasia
(14 patients and 27 PET scans); follow-up of known vasculitis (3 patients and 4 PET scans); other
indications, such as fever of unknown origin in the context of vasculitis (27 patients and 36 PET scans).

3.3. Correlation between PET Scans and Clinical Features

Table 4 reports the main clinical data of the dialysis patients, sorted according to positive or negative
PET scan. A close correlation was found between carpal tunnel and dialysis vintage (per patient:
positive cases median: 7.2 years of dialysis vs. negative cases 1.2 years, p = 0.0153); the correlation
with kidney transplantation is significant in the analysis per scan.

Table 4. Dialysis patients: results according to the results of PET scans.

Patients Considered PET Scans Considered

Positive
(n = 20)

Negative
(n = 26) P Positive

(n = 31)
Negative
(n = 41) P

Age (years), median
(min-max)

70.1
(37.8–86.7)

71.9
(33.6–89.2) 0.6103 67.7

(37.8–86.7)
71.9

(33.6–89.2) 0.0695

Sex, (% female) 70.0% 42.3% 0.0645 67.7% 43.9% 0.0459

Cancer, n (%) 10 (50.0%) 11 (42.3%) 0.6076 18 (58.1%) 21 (51.2%) 0.5665

Vasculitis, n (%) 6 (30.0%) 6 (23.1%) 0.6001 8 (25.8%) 10 (24.4%) 0.8915

Dialysis vintage (years),
median (min–max) 7.2 (0.1–42.1) 1.2 (0.1–13.0) 0.0153 11.0

(0.1–42.1) 1.6 (0.1–13.0) <0.0001

Kidney transplant, n (%) 4 (20.0%) 2 (7.7%) 0.3831 9 (29.0%) 2 (4.9%) 0.0071

Kt/V, mean (±SD) 1.57 (±0.40) 1.41 (±0.32) 0.1480 1.59 (±0.35) 1.41 (±0.29) 0.0270

Albumin (g/L), mean (±SD) 31.6 (±4.5) 33.5 (±4.1) 0.1450 32.6 (±4.6) 33.1 (±4.2) 0.6520

Beta 2 microglobulin, mean
(±SD) 27.9 (±9.7) 27.2 (±8.8) 0.8010 27.6 (±9.3) 26.6 (±7.6) 0.6210

Charlson Comorbidity Index,
median (min–max) 9 (3–12) 9 (4–11) 0.3634 9 (3–12) 9 (4–11) 0.0692

MIS, median (min–max) 10 (5–19) 6 (3–14) 0.0034 9 (5–19) 5 (3–14) <0.0001

SGA

A, (%) 60% 65.4%

0.7010

61.3% 70.7%

0.2202B, (%) 30% 30.8% 25.8% 26.8%

C, (%) 10% 3.8% 12.9% 2.4%

Carpal Tunnel positive, n (%) * 7 (35.0%) 0 (0.0%) 0.0012 14 (45.2%) 1 (2.4%) <0.0001

Legend: PET-FDG: Positron emission tomography with fluorodesoxyglucose; SGA: Subjective global assessment: A:
well nourished; B: moderate malnutrition; C: severe malnutrition; C.T.: Carpal Tunnel; SD: Standard Deviation; MIS:
Malnutrition Inflammation Score. Bold values: statistically significant p values.

Interestingly, while serum albumin and SGA were not correlated with PET scan results, patients
with a positive PET scan presented a significantly higher malnutrition inflammation score (per patient:
MIS: 10 vs. 6, p = 0.0034), a composite score, integrating serum albumin with inflammation and
cardiovascular comorbidity markers.

3.4. Multivariate Analysis

3.4.1. Outcomes: Carpal Tunnel and Positive PET Scan

In the dialysis population, the outcome “carpal tunnel” was significantly associated with long
dialysis vintage, with an extremely high odds ratio. No association was found with sex, age, MIS,
and vasculitis (Figure 2). The cut-point of dialysis vintage was empirically chosen at 10 years in this
analysis, since all cases fell above the median time on dialysis (3.39 years).
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Figure 2. Logistic regression analysis (per PET scan). Outcome: Presence of Carpal Tunnel (Dialysis
vintage dichotomised at 10 years. Legend: Gender (Male vs. female); Age (dichotomised at the median
≥71.7 vs. <71.17); MIS (dichotomised at the median ≥5 vs. ≤5); Vasculitis & systemic disease; Dialysis
vintage (≥10 years vs. ≤10 years); Backward regression method was used, black squares came from
the first step and red squares came from the last step. Correlation matrix did not show a significant
correlation between explicative variables. Bold values: statistically significant p values.

Conversely, a positive PET scan was associated with both dialysis vintage and MIS index,
dichotomized at 5, a level marking initial signs of malnutrition-inflammation-atherosclerosis (Figure 3).
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Figure 3. Logistic regression analysis (per PET scan) Outcome: Positive PET scan (Dialysis vintage
dichotomised at 10 years). Legend: Gender (Male vs. female); Age (dichotomised at the median ≥71.7
vs. <71.17); MIS (dichotomised at the median ≥5 vs. ≤5); Vasculitis & systemic disease; Dialysis vintage
(≥10 years vs. ≤10 years); Backward regression method was used, black squares came from the first
step and red squares came from the last step. Correlation matrix did not show a significant correlation
between explicative variables. Bold values: statistically significant p values.

The pattern of the results was confirmed in a further analysis which included the clinical amyloid
score instead of dialysis vintage (included in the score); the best yield of the model was observed by
dichotomization of the clinical score at the Youden index, identified in patients’ ROC curves (Figure 4).
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Figure 4. Logistic regression analysis (per PET Scan). Outcome: Positive PET scan (Clinical score
dichotomised at Youden score). Legend: Gender (Male vs. female); Age (dichotomised at the median
≥71.7 vs. <71.17); MIS (dichotomised at the median ≥5 vs. ≤5); Vasculitis & systemic disease; Clinical
score dichotomised at Youden index (≥7.11 vs. <7.11); Backward regression method was used, black
squares came from the first step and red squares came from the last step. Correlation matrix did
not show a significant correlation between explicative variables. Bold values: statistically significant
p values.

No correlation was found between MIS and clinical amyloid score (Spearman correlation,
p = 0.131).

3.4.2. ROC Curves and Sensitivity Analysis.

Considering carpal tunnel syndrome as the proxy for clinical amyloidosis, the sensitivity of PET
scan for detecting the disease was 100% per patient, and 95% per test, with a specificity of 61% in the
analysis per patient and 64% in the analysis per test (Figure 5).
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Figure 5. ROC curve: Performance of clinical amyloid score in prediction of Carpal Tunnel Syndrome.

To refine the analysis with ROC curves, we tested the relationship between carpal tunnel and
the continuous clinical amyloid score (Figure 6). The correspondence between the two indexes was
close enough (area under the curve 97.8% per patient vs. 99.1% per test) to allow us to use the amyloid
clinical score as a proxy for amyloidosis in further ROC analyses.

Figure 6. ROC curve: Performance of clinical amyloid score in prediction of PET scan results.
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Figure 6 reports the ROC curve (per patient and PET scan) correlating PET scan and clinical
amyloid score; the correlation is significant (p = 0.004 per patient and p < 0.001 per test); the area under
the curve is 0.74 per patient and 0.79 per test, and the discriminant is at a clinical amyloid score of 7.11.

The ROC curve of the MIS score versus PET positivity was also calculated (Figure 7). The correlation
was significant, with an AUC of 75.3% per patient and 77.9% per PET scan (p < 0.001 in both cases).

Figure 7. ROC Curve: Performance of MIS score in prediction of PET scan results.

3.5. Prediction Model of “Dialysis-Related” PET Positivity.

Since MIS index and clinical amyloid score are not correlated, by combining them, we tried to
build a prediction model that could explain the pattern of PET positivity found in dialysis patients. The
best model is depicted in Figure 8: it combines clinical score and MIS score multiplied by a factor of 2.7.
The sequential models tested are reported in the on-line only Supplementary Figure S1. The model
chosen allows for an AUC of 0.906 (CI: 0.813–0.962; p < 0.001).
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Figure 8. ROC curve: Performance of a composite score (clinical amyloid score + MIS score*2.7) in
prediction of PET scan results.

Internal validation was assessed by the leave-one-out method (Supplementary Figure S2), which
shows a range of AUC from 0.902 to 0.916.

4. Discussion

Dialysis-related amyloidosis is still a complication encountered in patients on long-term dialysis.
Even with the best new dialysers and dialysis schema, Beta-2 microglobulin accumulates, since its
production, enhanced by inflammation, is higher than its clearance [21,28,34–36,42–44].

While gold standard diagnosis relies on histologic findings, these are not always available, and
therefore, clinical indicators, namely carpal tunnel syndrome or destructive spondylarthropathy, are
widely employed [19–21,47,48,65].

However, the presence of carpal tunnel or of destructive spondylarthropathy mark an advanced
disease stage, and several studies have tried to use imaging data, which could theoretically detect
disease in its early stages (21). Imaging data are either non- specific, or, as is the case of scintigraphy for
Beta-2 microglobulin, not available in clinical practice (Supplementary Table S1). As a consequence, the
natural history of amyloid deposits is not fully known, and the reasons for their phenotypic variability
are incompletely understood.

The main result of this study was to identify PET scan, a widely available, standardised technique
that is able to detect sites of active inflammation, as an imaging test whose positivity in typical settings
of amyloid deposition is closely correlated with carpal tunnel, the proxy of DRA. Interestingly, the
pattern of positivity can be superimposed on the one described in Beta-2 microglobulin scintigraphy,
to date the most specific imaging test described in the literature [51–54] (Figure 1). A similar pattern is
only rarely observed in PET scans performed in patients who are not on dialysis (Table 1); in addition,
in the few cases with normal kidney function, that showed mild involvement of the target joints, the
pattern of involvement of the joints was different. In fact, it was unilateral in most patients with normal
kidney function, whereas in dialysis patients several joints are usually involved, albeit often with
different intensity, a point that may help refine the differential diagnosis at imaging; the presence of a
diffuse but often semi-circular pattern, found exclusively in dialysis patients in our series, may also
represent a feature pointing to DRA (Table 1, Figure 1).
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The relationship between positivity at PET scan and DRA is suggested by the close correlation
between the presence of carpal tunnel and a positive scan (7/7 cases, 14/15 scans), and by the significant
relationship between PET positivity and exposure to dialysis (Tables 3 and 4, Figure 3).

After confirming the relationship between presence of carpal tunnel and positive PET scan, we
tried to explain the positivity at PET scan found in cases without carpal tunnel. To do so, we considered
PET scan positivity as the dependent variable, and tested a series of clinical items, correlated with
amyloid deposition, as explanatory variables (Tables 2–4, Figures 3 and 4).

The main finding is the relationship between PET positivity and malnutrition inflammation
score (Figures 3 and 4). The latter, unlike markers of inflammation or of nutrition, identifies patients
who present a chronic picture combining morbidity, usually with cardiovascular involvement, and
malnutrition [62,63,66]. These patients have been shown to run a higher risk of accelerated deposition
of Beta-2 microglobulin amyloid fibrils in previous pivotal studies [27,28].

To further refine our analysis using ROC curves, we built a continuous “clinical amyloid score”,
based upon exposure to dialysis and presence of clearly identified sites of amyloid deposition. The
high area under the curve allowed us to replace the dichotomous positivity-negativity of carpal tunnel
with this continuous score.

The relationship between PET scan result and amyloid score is significant with an area under the
curve (AUC) over 70% (Figure 6). It should be noted that the Youden score is set at a clinical amyloid
score of 7.1, suggesting that exposure to over 7 years of dialysis is associated with a significant increase
in articular inflammation consistent with amyloid deposition (Figure 6).

While exposure to dialysis is the element most closely correlated to amyloid deposition,
inflammation is second, and not surprisingly, positivity at PET scan is significantly associated
with MIS ( Figures 4 and 5); the AUC of the ROC curve is of the same entity as the previous one (over
0.75, Figure 7).

Since MIS and amyloid score are not significantly correlated, we hypothesized that dialysis
vintage and malnutrition-inflammation had an additive effect in the development of dialysis-related
amyloidosis and we combined the two, resulting in an AUC of over 0.85 (Figure 8).

Internal validation confirmed the correctness of the model for the population in our study
(Supplementary Figure S2).

Our study has several limitations. First of all, it is a single-centre retrospective study. Secondly,
the prediction score which serves to offer a comprehensive explanation of the positivity of PET scan
underwent only internal validation.

Thirdly, histologic confirmation of the deposits of Beta-2 microglobulin was available only in
patients who underwent carpal tunnel or other surgeries, while in other cases, no morphologic
confirmation, which could have been relevant in the early cases, was available. This limit is shared by
virtually all the large studies on DRA, and is difficult to overcome as it involves subjecting patients
undergoing dialysis, a time-consuming and intrusive treatment, to another invasive procedure, such
as synovial biopsy [66–68]. This could be avoided if effective treatments were available, including
anti-coiling agents, such as doxycycline, occasionally reported have good results in alleviating pain in
DRA, or specific absorption columns, available in Japan, but not in Europe, partly on account of their
high costs [69–73].

From the imaging point of view, since the tests were done for other purposes than identifying
Beta-2 microglobulin deposits, no attempt to identify the best protocol and timing for acquisition was
found. It is hoped that knowing that this limit exists will encourage others to perform a targeted
prospective study.

Furthermore, even joint involvement suggestive of a metastatic disease was not found in dialysis
patients tested in the presence of active neoplasia, a paraneoplastic arthropathy couldn’t be formally
excluded. The interpretation that systemic inflammation favors Beta-2-amyloid deposition, which we
consider more likely, needs formal confirmation in further studies.
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5. Conclusions

In conclusion, our study strongly suggests that PET scan makes it possible to identify patients with
well-established amyloid deposits, as witnessed by the presence of carpal tunnel, and by association
with a long dialysis vintage; these cases are associated with chronic inflammation at several large joints.

The study also indicates that PET scan is useful in detecting cases in which rapid deposition
occurs, in the context of phases of intense inflammation. This finding, which needs formal histologic
confirmation, could open new perspectives in the study of DRA and focus attention on inflammation,
as a potential therapeutic target in retarding DRA.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/9/1494/s1.
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