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Abstract

Background The development of reproducible and sensitive outcome measures has been challenging in hereditary tran-
sthyretin (ATTRv) amyloidosis. Recently, quantification of intramuscular fat by magnetic resonance imaging (MRI) has
proven as a sensitive marker in patients with other genetic neuropathies. The aim of this study was to investigate the role of
muscle quantitative MRI (QMRI) as an outcome measure in ATTRv.

Methods Calf- and thigh-centered multi-echo T2-weighted spin-echo and gradient-echo sequences were obtained in patients
with ATTRv amyloidosis with polyneuropathy (n=24) and healthy controls (n=12). Water T2 (wT2) and fat fraction (FF)
were calculated. Neurological assessment was performed in all ATTRv subjects. Quantitative MRI parameters were cor-
related with clinical and neurophysiological measures of disease severity.

Results Quantitative imaging revealed significantly higher FF in lower limb muscles in patients with ATTRv amyloidosis
compared to controls. In addition, wT2 was significantly higher in ATTRv patients. There was prominent involvement of the
posterior compartment of the thighs. Noticeably, FF and wT?2 did not exhibit a length-dependent pattern in ATTRv patients.
MRI biomarkers correlated with previously validated clinical outcome measures, Polyneuropathy Disability scoring system,
Neuropathy Impairment Score (NIS) and NIS-lower limb, and neurophysiological parameters of axonal damage regardless
of age, sex, treatment and TTR mutation.

Conclusions Muscle qMRI revealed significant difference between ATTRv and healthy controls. MRI biomarkers showed
high correlation with clinical and neurophysiological measures of disease severity making qMRI as a promising tool to be
further investigated in longitudinal studies to assess its role at monitoring onset, progression, and therapy efficacy for future
clinical trials on this treatable condition.
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VI Vastus intermedius

VM Vastus medialis

AM Adductor magnus

AL Adductor longus

S Sartorius

G Gracilis

BFL Biceps femoris long head
BFS Biceps femoris short head
ST Semitendinosus

SM Semimembranosus

TA Tibialis anterior

EDL Extensor digitorum longus
PL Peroneus longus

LG Gastrocnemius lateralis
MG Gastrocnemius medialis

S Soleus

TP Tibialis posterior

MRN MRI neurography

MTR Magnetization transfer ratio
Introduction

Hereditary transthyretin (ATTRv; "v" for variant) amyloi-
dosis is a rare systemic disease caused by mutations in the
transthyretin (77TR) gene. Mutant TTR protein tends to mis-
fold and accumulates as amyloid extracellular fibrils across
different tissues and organs, especially peripheral nerves,
and heart. Since its identification, more than 150 amyloido-
genic mutations have been reported, with a broad phenotypic
variability. The most frequent mutation is Val30Met (alter-
natively named p.Val50Met) which was the first one identi-
fied. ATTRv amyloidosis is a progressive, disabling and life-
threatening condition with a mean survival of 7-10 years
after onset if left untreated [1-3].

Different therapies have been approved for ATTRv amy-
loidosis so far, including the TTR stabilizer tafamidis and,
more recently, the RNAI agent patisiran and the antisense
oligonucleotide inotersen [4, 5]. Moreover, other treatment
options are underway [6]. Therefore, there is a constant
need for sensitive biomarkers to help establishing the dis-
ease onset, to track its progression and to monitor the drug
efficacy.

Similar to other neuromuscular disorders, the identifica-
tion of outcome measures has always proved challenging
in ATTRv amyloidosis. To date, clinically based scales as
Neuropathy Impairment Score (NIS) [7], NIS-lower limb
(NIS-LL) [7, 8], NIS+7 [7, 9—11] and modified NIS +7
(mNIS+7) [4, 5,9, 10] have been used in clinical trials
to assess progression and treatment response, however, all
them have limitations including inter-rater variability and
their dependence on patient’s motivation.
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Muscle quantitative MRI (qMRI) has been extensively
used as an outcome measure in muscle diseases [12—-15].
More recently, the quantification of intramuscular fat sub-
stitution (fat fraction, FF), which indirectly reflects axonal
degeneration, showed high responsiveness to change over
12 months in patients with genetic neuropathies including
Charcot-Marie-Tooth 1A (CMT1A) and hereditary sensory
neuropathy type 1 due to SPTLC1 and SPTLC2 mutations
[16, 17]. In motoneuron diseases (amyotrophic lateral sclero-
sis, and spinal bulbar muscular atrophy) gMRI revealed sig-
nificant fat substitution compared to controls. It also corre-
lated with clinical measures, and identified distinct patterns
of muscle involvement [18]. Moreover, STIR and relative
T2-weighted signal turned out as objective surrogate mark-
ers of muscle denervation, and significantly increased over
12 months [18, 19].

The aim of our cross-sectional study was to assess the
role of gMRI of skeletal muscle as an outcome measure in
ATTRv amyloidosis with polyneuropathy (ATTRv-PN) and
compare it with previously validated and functionally rel-
evant clinical outcomes.

Materials and methods
Study design and patient recruitment

We performed a prospective cross-sectional study assessing
muscle qMRI of the lower limbs in symptomatic patients
diagnosed with ATTRv-PN (n=24) who were enrolled
among those who attended the Amyloidosis Research and
Treatment Center (IRCCS Fondazione Policlinico S. Matteo)
in Pavia (Italy) between September 2017 and August 2018.

ATTRv-PN patients were defined as symptomatic when
Polyneuropathy Disability (PND) [20] scored > =1.

Healthy controls (HCs), group-matched for age and
sex, were also enrolled (n=12). Exclusion criteria for
all participants were pregnancy and safety-related MRI
contraindications.

Data acquisition: clinical and functional testing
and electrophysiological revision

All patients underwent detailed assessment by E.V. includ-
ing demographic records, past medical history and full neu-
rologic examination. Patients were rated using PND scoring
system [20], NIS [7] and NIS-LL [7, 8]. PND score was
graded as follows: PND =1 (sensory disturbances with pre-
served walking capability), PND =2 (sensory-motor symp-
toms with unassisted gait), PND =3 (sensory-motor symp-
toms with assisted gait), and PND =4 (wheelchair-bound
or bedridden). In a subset of n =17 patients who underwent
nerve conduction studies (NCSs) at the same time from MRI,
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compound muscle action potential (CMAP) of peroneal and
tibial nerve, and sensory nerve action potential (SNAP) of
sural nerve, measured form peak to peak, were reviewed in
detail and considered for further analysis. For each patient,
the most affected side was considered unless the asymmetry
was due to other conditions (e.g., radiculopathy).

Magnetic resonance imaging

Muscle MRI was performed at IRCCS Mondino Foundation.
Participants were examined on a 3 T scanner (MAGNETOM
Skyra, Siemens, Erlangen, Germany) lying supine and feet-
first The acquisition protocol included calf- and thigh-level
centered T1-weigthed, short tau inversion recovery (STIR), a
2D multi-echo T2-weighted spin-echo (SE) (ME-SE) (num-
ber of echoes 17, number of slices 7, repetition time (TR)
4100 ms, first echo time (TE) and echo spacing 10.9 ms,
bandwidth 250 Hz/px, matrix size 192 X 384, resolution
1.2x 1.2 mm?, slice thickness 10 mm, gap between slices
30 mm), and a 3D gradient-echo (ME-GRE) (number of ech-
oes 6, TR 35 ms, first TE/echo spacing 1.7/1.5 ms, flip angle
7°, bandwidth 1050 Hz/px, matrix size 396 X432 x 52, reso-
lution 1.0 1.0 5.0 mm?). The sequence had a monopolar
readout with interleaved echo spacing (even and odd echoes
acquired in subsequent repetitions). Imaging of thigh and
calf took approximately 35 and 25 min, respectively.

MRI data analysis: muscle quantitative MRI

A single observer (E.V.) with a 5-year training expertise and
blinded to study groups outlined for each participant regions
of interest (ROIs) on the 1st echo of the ME-SE sequence
at mid-thigh (12 muscles) and mid-calf level (6 muscles)
using ITK-SNAP software [21]. ROIs were then transferred
to the 1st echo of the ME-GRE acquisition and manually
adjusted to ensure proper alignment. All ROIs were verified
by two expert neuroradiologists (A.P. and M.P.) with more
than 5-year expertise in neuromuscular imaging.

The ME-SE sequence was processed using a bi-com-
ponent extended phase graph algorithm, implemented in
Python, for quantification of water T2 (wT2) [22, 23], using
an open-source toolbox [24]. The Fatty Riot algorithm was
used offline for the calculation of fat/water images from
the ME-GRE acquisition [25, 26] and then FF maps were
obtained (FF=F/F+ W*100%) from each ROI. Average val-
ues of FF and wT2 were calculated for the global ROI and
for each muscle at thigh and calf level.

Figure 1 shows the muscles of the lower limbs which have
been assessed. The tibialis posterior (TP) was not evaluated
according to the poor quality of visualization at calf MRI.

Statistical analysis

Statistical analyses were performed with SPSS version 22
(SPSS, Armonk, NY) with a significance a level of 0.05.
Quantitative measures are reported as mean =+ standard
deviation (SD) or median and interquartile range (IQR) as
appropriate according to their distribution. For intergroup
comparisons two-sample t test and Mann—Whitney U test
were applied as appropriate. Correlations of MRI param-
eters with clinical and electrophysiological measures were
investigated with Spearman (p) or Pearson coefficients as
appropriate according to data distribution. Graphics were
obtained using Prism-GraphPad version 9.2.0 (332).

Results
Participant clinical and demographic records

We enrolled patients with ATTRv-PN (n=24) and healthy
controls, group-matched for age and sex (n=12). Seven-
teen/24 (71%) patients were males, median age at enrollment
was 63.5 years (range 42—77), and median disease duration
was 5 years (range 4-11).

TTR mutations were: Val30Met (n=6, 25%), Phe64Leu
(n=5,21%), Glu89GIn (n=3, 13%), Tyr78Phe (n=3, 13%),
Thr49Ala (n=2, 8%), Alal09Ser (n=2, 8%), Ile68Leu
(n=1,4%), Ser71Tyr (n=1, 4%), Alad9Met (n=1, 4%).

The distribution of PND score was the following:
PND=1 (n=11, 46%), PND=2 (n=9, 37.5%), PND=3
(n=3,12.5%), and PND=4 (n=1, 4%). Median NIS total
and NIS-LL were 25.5 (range 0-170.5) and 14.5 (range
0-88), respectively. Twenty-one/24 (87.5%) were on treat-
ment including tafamidis (n=15, 71%), diflunisal (n=3,
14%), inotersen (n=2, 10%), and patisiran (n=1, 5%). Sev-
enteen/24 (71%) agreed also to undergo NCS evaluation.

Nine/12 (75%) HCs were males and median age at enroll-
ment was 59 years (range 46—68). Demographic and clinical
data of the participants are summarized in Table 1 and Sup-
plementary Table 1.

Muscle fat fraction and water T2 distinguish
patients with ATTRv amyloidosis from healthy
controls

We found that FF was significantly higher in ATTRv patients
compared to healthy controls at thigh (ATTRv vs con-
trols: median 9.8%, IQR 7.3% vs median 6.5%, IQR 2.5%;
p=0.002) and calf level (ATTRv vs controls: median 9.9%,
IQR 6% vs median 7.1%, IQR 3.1%; p=0.017).

Similarly, wT2 was significantly higher in ATTRv
patients compared to healthy controls, both in the thighs
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Fig.1 Thigh and calf single muscle ROIs and compartments. Thigh
(A) and calf (B) single muscle ROI of a healthy control superim-
posed on multi-echo spin-echo (ME-SE) sequence (lst echo) to

(ATTRyv vs controls: median 44.8 ms, IQR 5.6 ms vs median
40.8 ms, IQR 1.8 ms; p< 0.001) and in the calves (ATTRv
vs controls: median 47.2 ms, IQR 12.2 ms vs median 42 ms,
IQR 2.7 ms; p< 0.001) (Table 2; Fig. 2).

No significant difference was seen between patients car-
rying Val30Met (p.Val50Met) and other mutations (data not
shown).

Quantitative MRI parameters correlate with clinical
outcomes in ATTRv amyloidosis

We next assessed the role of gqMRI as a biomarker of dis-
ease severity by looking at the correlation between gMRI
measures and previously validated scales of disability (PND
score) and neurologic impairment (NIS and NIS-LL).
Thigh and calf FF correlated well with PND score (thigh:
r=0.626, p=0.001; calf: r=0.623, p=0.002), NIS (thigh:
r=0.553, p=0.005; calf: r=0.621, p=0.002), and NIS-
LL (thigh: r=0.553, p=0.005; calf: r=0.624, p=0.002).
Similarly, water T2 significantly correlated with PND score
(thigh: r=0.630, p=0.001; calf: =0.690, p < 0.001), NIS
(thigh: r=0.725, p < 0.001; calf: r=0.802, p < 0.001), and
NIS-LL (thigh: r=0.714, p < 0.001; calf: r=0.785, p <
0.001) (Fig. 3). These positive associations were independent
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from sex, age, treatment and mutation in a multivariable
linear regression model (Supplementary Table 2).

Quantitative MRI parameters correlate with NCS
measures in ATTRv amyloidosis

Quantitative MRI parameters also showed significant cor-
relation with several neurophysiological parameters. In
particular, FF and wT2 negatively correlated with pero-
neal nerve CMAP (thigh: FF: r=— 0.504, p=0.039; wT2:
r=—0.645, p=0.005; calf: FF: r=—0.748, p=0.001; wT2:
r=—0.623, p=0.013), tibial nerve CMAP (thigh: wT2:
r=—0.699, p=0.003; calf: FF: r=—0.757, p=0.002; wT2:
r=—0.726, p=0.003), and sural nerve SNAP (thigh: wT2:
r=—0.669, p=0.003; calf: FF: r=—0.770, p=0.001; wT2:
r=—0.645, p=0.009) amplitudes (Fig. 4).

Interestingly, in 7/17 (42%), ATTRv patients with unex-
citable or severely reduced motor and sensory action poten-
tials in the lower limbs (peroneal and tibial CMAP < =1 mV,
sural SNAP < =1 microV) gMRI showed changes ranging
from+ 8% to+ 16% of FF at thighs and+9% to+20% at
calves, compared to an average in controls of 6.5% and 7.1%,
respectively, correlating with clinical severity.
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Table 1 Demographic and

s . Demographics and clinical measures ATTRyv patients (n=24) Control group p value
clinical data of ATTRv patients (n=12)
and healthy controls
Sex, M/F 1717 9/3 0.80
Age,y 63.5 (42-77) 59 (46-68) 0.14
Median disease duration (range), y 5(@4-11) NA
Treatment, N/tot 21724 NA
Tafamidis 15/24
Diflunisal 3/24
Inotersen 2/24
Patisiran 1724
Mutation NA
Val30Met 6/24
Phe64Leu 5/24
Glu89GIn 3/24
Tyr78Phe 3/24
Thr49Ala 2/24
Alal09Ser 2/24
Tle68Leu 1/24
Ser77Tyr 1724
Ala49Met 1/24
PND score NA
0 NA
1-2 20/24
34 4/24
Median NIS (range) 25.5 (0-170.5) NA
Median NIS-LL (range) 14.5 (0-80) NA
Table 2 Fat fraction (FF) and Quantitative imaging ATTRyv patients (n=24) Healthy controls (n=12) p value
water T2 (wT2) of ATTRv measures
patients and healthy controls
MRI, thigh level
FF, % 9.8 (4.1-31.3) 6.5 (4.2-9.0) 0.002
wT2, ms 44.8 (39.7-64.6) 40.8 (39.042.8) <0.001
MRI, calf level
FF, % 9.9 (4.042.8) 7.1 (4.1-11.5) 0.017
wT2, ms 47.2 (39.7-75.2) 42.0 (39.644.8) <0.001

Data presented as median (range) as appropriate to distribution; p values calculated with Mann—Whitney U

test

Muscle fat fraction and water T2 do not exhibit
length-dependent changes in ATTRv amyloidosis

ATTRv amyloidosis typically presents with a length-
dependent pattern of weakness, namely lower limbs are
more affected than upper limbs and distal limb segments
are more affected than proximal ones [27].

In our cohort, calf muscles were significantly weaker
compared to thigh muscles as measured by NIS-LL (NIS-LL

score at calf vs thigh: median 7, IQR 28.5 vs median 0, IQR
6; p=0.023).

Despite these clinical findings, thighs showed a similar
degree of fat replacement compared to calves (thighs median
FF 9.8%, IQR 7.3% vs calves median FF 9.9%, IQR 6.0%;
p=0.8). Similarly, no significant difference was appreci-
ated between wT2 at thigh and calf level (thighs median
wT2 44.8, IQR 5.6 vs calves median wT2 47.2, IQR 12.2;
p=0.147) (Fig. 5).
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Fig.2 Muscle quantitative MRI imaging: thigh and calf compart-
ments in ATTRv patients and healthy controls. Overall thigh and
calf fat fraction (FF) and water T2 (wT2) are significantly higher in

Pattern of fat infiltration: posterior thigh
involvement in ATTRv amyloidosis

Quantitative MRI identified a prominent involvement of
the medio-posterior compartment of the thighs with a rela-
tive sparing of the quadriceps (median 12.8%, IQR 8.6%
vs median 7.7%, IQR 5.5%; p=0.010), despite the similar
involvement at clinical examination (NIS-LL score anterior
vs posterior region at thigh: median 0, IQR 2 vs median 0,
IQR 3; p=0.963).

At calf level, no significant difference in FF between
different compartments was appreciated (deep posterior vs
superficial posterior: p=0.925; deep posterior vs antero-
lateral: p=0.336; superficial posterior vs antero-lateral:
p=0.250; posterior vs antero-lateral: p=0.229) (Fig. 5).

Discussion

In this study, we assessed the role of muscle qMRI as a
novel outcome measure in a cohort of ATTRvV patients with
polyneuropathy. We showed that gMRI reveals significant
difference between ATTRv patients and healthy controls
and strongly correlates with previously validated clinical
measures.

ATTRv amyloidosis is a progressive and highly debilitat-
ing hereditary disease, which is fatal within a decade without
treatment [1-3]. Early diagnosis is key to promptly start an
appropriate anti-amyloidogenic treatment. Therefore, there
is a need for reliable and objective measures to establish the
disease onset, track its progression and monitor the response
to treatments.

To date, most outcome measures used in ATTRv-PN are
based on clinical examination and functional impairment.
In particular, NIS, along with its subset NIS-LL, which

@ Springer

B
80 80
p<0.001 p<0.001

- 60 - 60
£ £
o~ o~
= a0 = % a0- ==
c c
© ©
[ [}
2 20 2 20

0 T T Y T T

ATTRv Control ATTRv Control
Thigh Calf

ATTRv compared to healthy controls. Boxes represent median and
IQR and whiskers show range

was first designed to grade neurological impairment in
diabetic neuropathy [28], has become the most used out-
come measure in different clinical trials and observational
studies in ATTRv amyloidosis [7, 8, 29]. However, it does
not encompass the autonomic and cardiac involvement of
the disease. Also, even if performed by expert and pre-
liminarily-trained clinicians, NIS and NIS-LL are limited
by intra- and inter-rater variability [4, 30, 31] along with
patient’s motivation. To better capture the multisystem
involvement in ATTRv amyloidosis and reduce its varia-
bility [32], novel compound scales, NIS + 7 and mNIS + 7,
have been developed [7, 9—11]. Although NIS +7 and
mNIS + 7 provide a thorough evaluation of ATTRv amy-
loidosis, they are time-consuming and require a bespoke
setting and specific training of the examiners [33].

Quantitative MRI may represent an attractive option to
overcome shortcomings in clinical examination as it is rel-
atively rapid, with high inter- and intra-operator reproduc-
ibility of manual muscle segmentation [21] and analysis
can also be automated in all ATTRv patients. In particular,
previous studies have shown that muscle quantitative MRI
has a very good reproducibility with an interclass correla-
tion coefficient > 0.9 both for inter- and intra-rater agree-
ment [34]. The future implementation of robust machine
learning algorithms for automatic segmentation of mus-
cles may be the key to overcome the limitations related to
manual segmentation [35, 36].

Recently, MRI neurography of sciatic and sural nerve
was shown to be able to accurately distinguish patients
with ATTRv amyloidosis from controls and, importantly,
to detect subclinical and early nerve lesions in asymp-
tomatic carriers [37, 38]. Similarly, magnetization trans-
fer ratio of the sciatic nerve showed promising results as
it differentiated both symptomatic ATTRv patients and
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Fig.3 Correlation of muscle quantitative MRI measures with func- tion and a higher water T2 content (A). Moderate to strong positive
tional rating scales in ATTRv amyloidosis. Representative exam- correlation was observed between mean fat fraction (FF) and water

ples of T1-weighted (T1w) and short tau inversion recovery (STIR) T2 (wT2) at thigh (purple) and calf (blue) level and Polyneuropathy
sequences of the thighs and calves of two patients affected by ATTRv Disability (PND) score (B), Neuropathy Impairment Score (NIS) (C),
amyloidosis with moderate (left) and severe (right) disease. The and NIS-lower limb (NIS-LL) (D)

patient with greater disability (right) has more prominent fat infiltra-
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Fig.4 Correlation of muscle quantitative MRI measures with NCS
parameters in ATTRv amyloidosis. Negative correlation between
NCS parameters namely peroneal nerve compound muscle action

asymptomatic carriers from healthy controls and corre-
lated with electrophysiology [39].

Muscle qMRI has been extensively applied as disease
biomarker for the study of muscle dystrophies and other
myopathies, including Duchenne muscular dystrophy, where
both fat fraction and water T2 content provided sensitive
noninvasive measures of disease progression over time [12].
More recently, quantification of intramuscular fat showed
high responsiveness to change over 12-month time in genetic
neuropathies, and currently represents the most sensitive
outcome measure for the assessment of the slow progres-
sion of CMT1A [16].
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potential (CMAP) (pink), tibial nerve CMAP (green), and sural
nerve sensory nerve action potential (SNAP) (light-blue) and water
T2 (wT2) and fat fraction (FF) at thigh (A) and calf (B) level

Prompted by these encouraging results, we decided to
assess the role of muscle qMRI in ATTRv amyloidosis with
polyneuropathy. We evaluated both acute (tissue water con-
tent as expressed by T2 signal) and chronic (fat replace-
ment as expressed by FF) changes in the lower limb muscles.
We found that water T2 and FF were significantly higher
in ATTRv patients compared to healthy controls and were
able to differentiate the two groups. Their increase might
be explained by axonal damage due to the underlying neu-
ropathy resulting in acute (as defined by water T2) and
chronic (as defined by FF) denervation. More important, we
observed a moderate to strong positive correlation between



Journal of Neurology

Fig.5 Muscle quantitative MRI A
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muscle qMRI parameters (mean FF and wT2) at both thigh
and calf level and patients’ functionally relevant clinical
measures (PND score, NIS, and NIS-LL scales). Therefore,
muscle qMRI represents a reliable surrogate measure of dis-
ease severity in ATTRv amyloidosis, which is independent
of participant’s effort and with a high intra-rater agreement
[21]. In addition, gMRI may help clinicians to monitor dis-
ease progression in ATTRv patients in more advanced stages
of the disease, when widespread reduction or unexcitabil-
ity of motor and sensory action potentials limits the role of
neurophysiology in assessing progression and response to
treatment.

Interestingly, in ATTRv, gMRI showed a similar degree of
fat replacement and water content of thigh and calf muscles,
which was unexpected considering the length-dependent

involvement of lower limb muscles at examination. This
finding differed from previous studies on slowly progres-
sive neuropathies, CMT1A and hereditary neuropathy with
liability to pressure palsies, where gqMRI showed a higher
degree of fat substitution at calves [40, 41]. However, it is
worth noting that previous pathological studies have shown
in ATTRv amyloidosis conspicuous amyloid deposition in
dorsal roots and sympathetic ganglia [42]. Also, previous
MR neurography studies have detected in ATTRv carriers
the presence of early and prominent changes of the proxi-
mal nerve tracts compared to distal ones [37], which is in
agreement with our finding of significant fat replacement of
proximal muscles of the lower limbs.

Finally, skeletal muscle MRI showed a characteristic
pattern in ATTRv patients with a preferential involvement
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of posterior muscles and a relative sparing of quadriceps
in the thighs, while in the calves, all muscles appeared
to be similarly involved. This pattern has not been previ-
ously described in other acquired and genetic neuropathies.
Indeed, patients affected by chronic inflammatory demyeli-
nating polyneuropathy had fat infiltration both at biceps fem-
oris and quadriceps [43] while in CMT1A, a predominant
degeneration of antero-lateral compartments of calves was
reported [40]. Therefore, although this observation warrants
further confirmation in larger cohorts, it may be a clue to
suspect ATTRv amyloidosis in patients with unexplained
axonal neuropathy and, maybe in the future, to help differen-
tiating ATTRv amyloidosis from other genetic and acquired
neuropathies.

Our study has some limitations. First, we recruited mostly
ATTRv patients with mild and moderate neuropathy, while
the more advanced stages of the disease were underrepre-
sented. Second, a muscle biopsy was not performed in any
case. Therefore, we cannot rule out the presence of a coex-
isting myopathy. However, needle EMG was available for
n=17 patients and did not show myopathic changes in any
of them. Also, amyloid myopathy is infrequent in previous
case series [44]. Third, although the time required for muscle
MRI was limited to 1 hour and was mostly well tolerated by
all subjects, patients with more advanced neuropathy showed
lower tolerance of a prolonged supine position, which partly
explains their lower recruitment. However, in general, good
collaboration from the patient was fundamental to obtain
images suitable to quantitative analysis. Hopefully, in the
near future compressed sensing and parallel imaging will
allow to shorten the acquisition time making this evaluation
easier to perform.

Longitudinal studies are warranted to assess the role of
gMRI as noninvasive, objective, and sensitive biomarker
for the diagnosis and monitoring over time of ATTRv-PN
patients, especially in presymptomatic and early sympto-
matic stages of the disease.
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Acknowledgements The authors thank the study participants and their
families for their support.

Author contributions All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were
performed by E.V., A.C., N.B., L.O. and A.P.. The first draft of the
manuscript was written by E.V. and all authors commented on previ-
ous versions of the manuscript. All authors read and approved the final
manuscript.

Funding Open access funding provided by Universita degli Studi di
Pavia within the CRUI-CARE Agreement. A.C. thanks Fondazione
Regionale per la Ricerca Biomedica (Regione Lombardia) (1751723),
the Medical Research Council (MR/T001712/1), Fondazione CARI-
PLO (2019-1836), the Inherited Neuropathy Consortium (INC) for

@ Springer

grant support. A.C. and A.P. thank the Italian Ministry of Health (RC
2017-2019/RC 2020). L.O. and G.P. received research support by a
grant from CARIPLO “Harnessing the plasma cell secretory capac-
ity against systemic light chain amyloidosis” (2018-0257) and by a
grant from Italian Medicines Agency grant AIFA-2016-02364602 “A
phase III randomized study of doxycycline and tauroursodeoxycholic
acid (Doxy-TUDCA) plus standard supportive therapy versus standard
supportive therapy alone in cardiac amyloidosis caused by transthyre-
tin”. R.C. is supported by the European Academy of Neurology (EAN)
Research Fellowship 2021.

Data availability Anonymized data not published within this article
are available in the Zenodo repository (DOIL:https://doi.org/10.5281/
zenodo.7030896).

Declarations

Conflicts of interest All authors certify that they have no affiliations
with or involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or materials dis-
cussed in this manuscript.

Ethics approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.
The study was approved by the Ethic Committee of IRCCS Fondazi-
one Policlinico S. Matteo (p-20170020469) and by local institutional
review boards.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Planté-Bordeneuve V, Lalu T, Misrahi M et al (1998) Genotypic-
phenotypic variations in a series of 65 patients with familial amy-
loid polyneuropathy. Neurology 51(3):708-714. https://doi.org/10.
1212/WNL.51.3.708

2. Koike H, Tanaka F, Hashimoto R et al (2012) Natural history
of transthyretin Val30Met familial amyloid polyneuropathy:
analysis of late-onset cases from non-endemic areas. J Neurol
Neurosurg Psychiatry 83(2):152-158. https://doi.org/10.1136/
jnnp-2011-301299

3. Coelho T, Ines M, Conceicad I, Soares M, De Carvalho M,
Costa J (2018) Natural history and survival in stage 1 Val30Met
transthyretin familial amyloid polyneuropathy. Neurology


https://doi.org/10.1007/s00415-022-11336-z
https://doi.org/10.5281/zenodo.7030896
https://doi.org/10.5281/zenodo.7030896
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1212/WNL.51.3.708
https://doi.org/10.1212/WNL.51.3.708
https://doi.org/10.1136/jnnp-2011-301299
https://doi.org/10.1136/jnnp-2011-301299

Journal of Neurology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

91(21):E1999-E2009. https://doi.org/10.1212/WNL.0000000000
006543

Adams D, Gonzalez-Duarte A, O’Riordan WD et al (2018) Pati-
siran, an RNAI therapeutic, for hereditary transthyretin amyloi-
dosis. N Engl J Med 379(1):11-21. https://doi.org/10.1056/nejmo
al716153

Benson MD, Waddington-Cruz M, Berk JL et al (2018) Inotersen
treatment for patients with hereditary transthyretin amyloidosis.
N Engl J Med 379(1):22-31. https://doi.org/10.1056/nejmoal 716
793

Gillmore JD, Gane E, Taubel J et al (2021) CRISPR-Cas9
in vivo gene editing for transthyretin amyloidosis. N Engl J Med
385(6):493-502. https://doi.org/10.1056/nejmoa2107454

Berk JL, Suhr OB, Obici L et al (2013) Repurposing diflunisal
for familial amyloid polyneuropathy: a randomized clinical trial.
JAMA -J Am Med Assoc 310(24):2658-2667. https://doi.org/10.
1001/jama.2013.283815

Merkies ISJ (2013) Tafamidis for transthyretin familial amy-
loid polyneuropathy: a randomized, controlled trial. Neurology
80(15):1444-1445. https://doi.org/10.1212/01.wnl.0000429338.
33391.87

Adams D, Suhr OB, Dyck PJ et al (2017) Trial design and ration-
ale for APOLLO, a Phase 3, placebo-controlled study of pati-
siran in patients with hereditary ATTR amyloidosis with poly-
neuropathy. BMC Neurol 17(1):1-12. https://doi.org/10.1186/
$12883-017-0948-5

Dyck PJ, Kincaid JC, Dyck PIJB et al (2017) Assessing
mNIS+7Ionis and international neurologists’ proficiency in
a familial amyloidotic polyneuropathy trial. Muscle Nerve
56(5):901-911. https://doi.org/10.1002/mus.25563

Suanprasert N, Berk JL, Benson MD et al (2014) Retrospective
study of a TTR FAP cohort to modify NIS + 7 for therapeutic
trials. J Neurol Sci 344(1-2):121-128. https://doi.org/10.1016/j.
jns.2014.06.041

Rooney WD, Berlow YA, Triplett WT et al (2020) Modeling
disease trajectory in Duchenne muscular dystrophy. Neurology
94(15):E1622-E1633. https://doi.org/10.1212/WNL.0000000000
009244

Janssen B, Voet N, Geurts A, Van Engelen B, Heerschap A (2016)
Quantitative MRI reveals decelerated fatty infiltration in muscles
of active FSHD patients. Neurology 86(18):1700-1707. https://
doi.org/10.1212/WNL.0000000000002640

Fischmann A, Hafner P, Fasler S et al (2012) Quantitative MRI
can detect subclinical disease progression in muscular dys-
trophy. J Neurol 259(8):1648-1654. https://doi.org/10.1007/
s00415-011-6393-2

Paoletti M, Pichiecchio A, Piccinelli SC et al (2019) Advances in
quantitative imaging of genetic and acquired myopathies: clinical
applications and perspectives. Front Neurol 10:1-21. https://doi.
org/10.3389/fneur.2019.00078

Morrow JM, Sinclair CDJ, Fischmann A et al (2016) MRI bio-
marker assessment of neuromuscular disease progression: a pro-
spective observational cohort study. Lancet Neurol 15(1):65-77.
https://doi.org/10.1016/S1474-4422(15)00242-2

Kugathasan U, Evans MRB, Morrow JM et al (2019) Development
of MRC Centre MRI calf muscle fat fraction protocol as a sensi-
tive outcome measure in Hereditary Sensory Neuropathy Type
1. J Neurol Neurosurg Psychiatry 90:895-906. https://doi.org/10.
1136/jnnp-2018-320198

Klickovic U, Zampedri L, Sinclair CDJ et al (2019) Skeletal mus-
cle MRI differentiates SBMA and ALS and correlates with disease
severity. Neurology 93(9):E895-E907. https://doi.org/10.1212/
'WNL.0000000000008009

Jenkins TM, Alix JJP, Fingret J et al (2020) Longitudinal
multi-modal muscle-based biomarker assessment in motor

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

neuron disease. ] Neurol 267(1):244-256. https://doi.org/10.1007/
$00415-019-09580-x

Yamamoto S, Wilczek HE, Nowak G et al (2007) Liver transplan-
tation for familial amyloidotic polyneuropathy (FAP): a single-
center experience over 16 years. Am J Transplant 7(11):2597-
2604. https://doi.org/10.1111/j.1600-6143.2007.01969.x

Muzic SI, Paoletti M, Solazzo F et al (2021) Reproducibility of
manual segmentation in muscle imaging. Acta Myol 40(3):116—
123. https://doi.org/10.36185/2532-1900-052

Marty B, Baudin PY, Reyngoudt H et al (2016) Simultane-
ous muscle water T2 and fat fraction mapping using transverse
relaxometry with stimulated echo compensation. NMR Biomed
29(4):431-443. https://doi.org/10.1002/nbm.3459

Weigel M (2015) Extended phase graphs: dephasing, RF pulses,
and echoes—pure and simple. ] Magn Reson Imaging 41(2):266—
295. https://doi.org/10.1002/jmri.24619

Santini F, Deligianni X, Paoletti M et al (2021) Fast open-source
toolkit for water T2 mapping in the presence of fat from multi-
echo spin-echo acquisitions for muscle MRI. Front Neurol
12(February):1-10. https://doi.org/10.3389/fneur.2021.630387
Berglund J, Kullberg J (2012) Three-dimensional water/fat separa-
tion and T 2 * estimation based on whole-image optimization—
application in breathhold liver imaging at 1.5 T. Magn Reson Med
67(6):1684-1693. https://doi.org/10.1002/mrm.23185

Smith DS, Berglund J, Kullberg J, Ahlstrom H, Avison MJ,
Welch EB (2013) Optimization of fat-water separation algo-
rithm selection and options using image-based metrics with
validation by ISMRM fat-water challenge datasets. In: Proc
21st Annu Meet ISMRM, vol 63, no 1, pp 2413

Kelly 1], Kyle RA, O’Brien PC, Dyck PJ (1979) The natural his-
tory of peripheral neuropathy in primary systemic amyloidosis.
Ann Neurol 6(1):1-7. https://doi.org/10.1002/ana.410060102
Dyck PJ, Davies JL, Litchy WJ, O’Brien PC (1997) Longitu-
dinal assessment of diabetic polyneuropathy using a composite
score in the Rochester Diabetic Neuropathy Study cohort. Neu-
rology 49(1):229-239. https://doi.org/10.1212/WNL.49.1.229
Cortese A, Vita G, Luigetti M et al (2016) Monitoring effec-
tiveness and safety of Tafamidis in transthyretin amyloidosis
in Italy: a longitudinal multicenter study in a non-endemic
area. J Neurol 263(5):916-924. https://doi.org/10.1007/
s00415-016-8064-9

Dyck PJ, Overland CJ, Low PA et al (2010) Signs and symp-
toms versus nerve conduction studies to diagnose diabetic sen-
sorimotor polyneuropathy: CI vs. NPhys trial. Muscle Nerve
42(2):157-164. https://doi.org/10.1002/mus.21661

Dyck PJ, Overland CJ, Low PA et al (2012) “Unequivocally
abnormal” vs “usual” signs and symptoms for proficient diagno-
sis of diabetic polyneuropathy: Cl vs N Phys trial. Arch Neurol
69(12):1609-1614. https://doi.org/10.1001/archneurol.2012.
1481

Adams D, Coelho T, Obici L et al (2015) Rapid progression of
familial amyloidotic polyneuropathy: a multinational natural his-
tory study. Neurology 85(8):675—682. https://doi.org/10.1212/
WNL.0000000000001870

Dyck PJB, Gonzalez-Duarte A, Obici L et al (2019) Development
of measures of polyneuropathy impairment in hATTR amyloido-
sis: from NIS to mNIS + 7. J Neurol Sci 405(July):116424. https://
doi.org/10.1016/j.jns.2019.116424

Schroeder J, Tobler P, Stalder A-L et al (2019) Intra-rater and
inter-rater reliability of quantitative thigh muscle magnetic reso-
nance imaging. Imaging Med 11 (2)

Agosti A, Shaqiri E, Paoletti M et al (2022) Deep learning for
automatic segmentation of thigh and leg muscles. Magn Reson
Mater Physics, Biol Med 35(3):467-483. https://doi.org/10.1007/
$10334-021-00967-4

@ Springer


https://doi.org/10.1212/WNL.0000000000006543
https://doi.org/10.1212/WNL.0000000000006543
https://doi.org/10.1056/nejmoa1716153
https://doi.org/10.1056/nejmoa1716153
https://doi.org/10.1056/nejmoa1716793
https://doi.org/10.1056/nejmoa1716793
https://doi.org/10.1056/nejmoa2107454
https://doi.org/10.1001/jama.2013.283815
https://doi.org/10.1001/jama.2013.283815
https://doi.org/10.1212/01.wnl.0000429338.33391.87
https://doi.org/10.1212/01.wnl.0000429338.33391.87
https://doi.org/10.1186/s12883-017-0948-5
https://doi.org/10.1186/s12883-017-0948-5
https://doi.org/10.1002/mus.25563
https://doi.org/10.1016/j.jns.2014.06.041
https://doi.org/10.1016/j.jns.2014.06.041
https://doi.org/10.1212/WNL.0000000000009244
https://doi.org/10.1212/WNL.0000000000009244
https://doi.org/10.1212/WNL.0000000000002640
https://doi.org/10.1212/WNL.0000000000002640
https://doi.org/10.1007/s00415-011-6393-2
https://doi.org/10.1007/s00415-011-6393-2
https://doi.org/10.3389/fneur.2019.00078
https://doi.org/10.3389/fneur.2019.00078
https://doi.org/10.1016/S1474-4422(15)00242-2
https://doi.org/10.1136/jnnp-2018-320198
https://doi.org/10.1136/jnnp-2018-320198
https://doi.org/10.1212/WNL.0000000000008009
https://doi.org/10.1212/WNL.0000000000008009
https://doi.org/10.1007/s00415-019-09580-x
https://doi.org/10.1007/s00415-019-09580-x
https://doi.org/10.1111/j.1600-6143.2007.01969.x
https://doi.org/10.36185/2532-1900-052
https://doi.org/10.1002/nbm.3459
https://doi.org/10.1002/jmri.24619
https://doi.org/10.3389/fneur.2021.630387
https://doi.org/10.1002/mrm.23185
https://doi.org/10.1002/ana.410060102
https://doi.org/10.1212/WNL.49.1.229
https://doi.org/10.1007/s00415-016-8064-9
https://doi.org/10.1007/s00415-016-8064-9
https://doi.org/10.1002/mus.21661
https://doi.org/10.1001/archneurol.2012.1481
https://doi.org/10.1001/archneurol.2012.1481
https://doi.org/10.1212/WNL.0000000000001870
https://doi.org/10.1212/WNL.0000000000001870
https://doi.org/10.1016/j.jns.2019.116424
https://doi.org/10.1016/j.jns.2019.116424
https://doi.org/10.1007/s10334-021-00967-4
https://doi.org/10.1007/s10334-021-00967-4

Journal of Neurology

36.

37.

38.

39.

40.

Rohm M, Markmann M, Forsting J, Rehmann R, Froeling M,
Schlaffke L (2021) 3D automated segmentation of lower leg mus-
cles using machine learning on a heterogeneous dataset. Diagnos-
tics 11(10):1747. https://doi.org/10.3390/diagnostics 11101747
Kollmer J, Hund E, Hornung B et al (2015) In vivo detection
of nerve injury in familial amyloid polyneuropathy by magnetic
resonance neurography. Brain 138(3):549-562. https://doi.org/10.
1093/brain/awu344

Kollmer J, Sahm F, Hegenbart U et al (2017) Sural nerve injury
in familial amyloid polyneuropathy MR neurography vs clinico-
pathologic tools. Neurology 89(5):475-484. https://doi.org/10.
1212/WNL.0000000000004178

Kollmer J, Hegenbart U, Kimmich C et al (2020) Magnetization
transfer ratio quantifies polyneuropathy in hereditary transthyretin
amyloidosis. Ann Clin Transl Neurol 7(5):799-807. https://doi.
org/10.1002/acn3.51049

Bas J, Ogier AC, Le Troter A et al (2020) Fat fraction distribution
in lower limb muscles of patients with CMT1A A quantitative

Authors and Affiliations

41.

42.

43.

44.

MRI study. Neurology. https://doi.org/10.1212/WNL.0000000000
009013

Pridmore M, Castoro R, McCollum MS, Kang H, Li J, Dortch
R (2020) Length-dependent MRI of hereditary neuropathy with
liability to pressure palsies. Ann Clin Transl Neurol 7(1):15-25.
https://doi.org/10.1002/acn3.50953

Koike H, Misu K, Sugiura M et al (2004) Pathology of early- vs
late-onset TTR Met30 familial amyloid polyneuropathy. Neu-
rology 63(1):129-138. https://doi.org/10.1212/01.WNL.00001
32966.36437.12

Lichtenstein T, Sprenger A, Weiss K et al (2018) MRI biomark-
ers of proximal nerve injury in CIDP. Ann Clin Transl Neurol
5(1):19-28. https://doi.org/10.1002/acn3.502

Pinto MV, Milone M, Mauermann ML et al (2020) Transthyre-
tin amyloidosis: Putting myopathy on the map. Muscle Nerve
61(1):95-100. https://doi.org/10.1002/mus.26723

Elisa Vegezzi'? - Andrea Cortese' - Niels Bergsland** - Roberta Mussinelli® - Matteo Paoletti’ - Francesca Solazzo® -

Riccardo Currd' - Lucia Ascagni® - llaria Callegari'® - llaria Quartesan' - Alessandro Lozza® - Xeni Deligianni
Francesco Santini'"'? . Enrico Marchioni? - Giuseppe Cosentino'' - Enrico Alfonsi'? - Cristina Tassorelli

1,12,
1,14

Stefano Bastianello'’ - Giampaolo Merlini®'* - Giovanni Palladini®’* - Laura Obici® - Anna Pichiecchio'”’

Department of Brain and Behavioral Sciences, University
of Pavia, Pavia, Italy

Neuroncology and Neuroinflammation Unit, IRCCS
Mondino Foundation, Pavia, Italy

Department of Neuromuscular Disease, UCL Queen
Square Institute of Neurology and The National Hospital
for Neurology and Neurosurgery, London, UK

Department of Neurology, Buffalo Neuroimaging Analysis
Center, Jacobs School of Medicine and Biomedical Sciences,
University at Buffalo, State University of New York, Buffalo,
NY, USA

IRCCS Fondazione Don Carlo Gnocchi ONLUS, Milan, Italy

Amyloidosis Research and Treatment Center, Fondazione
IRCCS Policlinico San Matteo, University of Pavia, Pavia,
Italy

Neuroradiology Department, Advanced Imaging
and Radiomics Center, IRCCS Mondino Foundation, Pavia,
Italy

@ Springer

Specialization School in Occupational Medicine, University
of Pavia, Pavia, Italy

Neuroscience Department, Meyer Children’s University
Hospital, University of Florence, Florence, Italy

Department of Biomedicine, University Hospital Basel,
University of Basel, Hebelstrasse 20, 4031 Basel,
Switzerland

Division of Radiological Physics, Department of Radiology,
University Hospital Basel, Basel, Switzerland

Department of Biomedical Engineering, Basel Muscle MRI
Group, University of Basel, Allschwil, Switzerland

Translational Neurophysiology Research Unit, IRCCS
Mondino Foundation, Pavia, Italy

Headache Science and Neurorehabilitation Center, IRCCS
Mondino Foundation, Pavia, Italy

Department of Molecular Medicine, University of Pavia,
Pavia, Italy


https://doi.org/10.3390/diagnostics11101747
https://doi.org/10.1093/brain/awu344
https://doi.org/10.1093/brain/awu344
https://doi.org/10.1212/WNL.0000000000004178
https://doi.org/10.1212/WNL.0000000000004178
https://doi.org/10.1002/acn3.51049
https://doi.org/10.1002/acn3.51049
https://doi.org/10.1212/WNL.0000000000009013
https://doi.org/10.1212/WNL.0000000000009013
https://doi.org/10.1002/acn3.50953
https://doi.org/10.1212/01.WNL.0000132966.36437.12
https://doi.org/10.1212/01.WNL.0000132966.36437.12
https://doi.org/10.1002/acn3.502
https://doi.org/10.1002/mus.26723

	Muscle quantitative MRI as a novel biomarker in hereditary transthyretin amyloidosis with polyneuropathy: a cross-sectional study
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study design and patient recruitment
	Data acquisition: clinical and functional testing and electrophysiological revision
	Magnetic resonance imaging
	MRI data analysis: muscle quantitative MRI 
	Statistical analysis

	Results
	Participant clinical and demographic records
	Muscle fat fraction and water T2 distinguish patients with ATTRv amyloidosis from healthy controls
	Quantitative MRI parameters correlate with clinical outcomes in ATTRv amyloidosis
	Quantitative MRI parameters correlate with NCS measures in ATTRv amyloidosis
	Muscle fat fraction and water T2 do not exhibit length-dependent changes in ATTRv amyloidosis
	Pattern of fat infiltration: posterior thigh involvement in ATTRv amyloidosis

	Discussion
	Acknowledgements 
	References




