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Abstract

Background Ageing is accompanied by a progressive loss of skeletal muscle mass and strength, potentially determin-
ing the insurgence of sarcopenia. Evidence suggests that motoneuron and neuromuscular junction (NMJ) degeneration
contribute to sarcopenia pathogenesis. Seeking for strategies able to slow down sarcopenia insurgence and progression,
we investigated whether a 2-year mixed-model training involving aerobic, strength and balance exercises would be ef-
fective for improving or preserving motoneuronal health and NMJ stability, together with muscle mass, strength and
functionality in an old, sarcopenic population.
Methods Forty-five sarcopenic elderly (34 females; 11 males) with low dual-energy X-ray absorptiometry (DXA) lean
mass and Short Physical Performance Battery (SPPB) score <9 were randomly assigned to either a control group
[Healthy Aging Lifestyle Education (HALE), n = 21] or an intervention group [MultiComponent Intervention (MCI),
n = 24]. MCI trained three times per week for 2 years with a mix of aerobic, strength and balance exercises matched
with nutritional advice. Before and after the intervention, ultrasound scans of the vastus lateralis (VL), SPPB and a
blood sample were obtained. VL architecture [pennation angle (PA) and fascicle length (Lf)] and cross-sectional area
(CSA) were measured. As biomarkers of neuronal health and NMJ stability status, neurofilament light chain (NfL)
and C-terminal agrin fragment (CAF) concentrations were measured in serum. Differences in ultrasound parameters,
NfL and CAF concentration and physical performance between baseline and follow-up were tested with mixed ANOVA
or Wilcoxon test. The relationship between changes in physical performance and NfL or CAF concentration was
assessed through correlation analyses.
Results At follow-up, MCI showed preserved VL architecture (PA, Lf) despite a reduced CSA (�8.4%, P < 0.001), ac-
companied by maintained CAF concentration and ameliorated overall SPPB performance (P = 0.007). Conversely,
HALE showed 12.7% decrease in muscle CSA (P < 0.001), together with 5.1% and 5.5% reduction in PA and Lf
(P < 0.001 and P = 0.001, respectively), and a 6.2% increase in CAF (P = 0.009) but improved SPPB balance score
(P = 0.007). NfL concentration did not change in either group. In the population, negative correlations between
changes in CAF concentration and SPPB total score were found (P = 0.047), whereas no correlation between NfL
and SPPB variations was observed.
Conclusions The present findings suggest that our 2-year mixed aerobic, strength and balance training seemed effec-
tive for preventing the age and sarcopenia-related increases in CAF concentration, preserving NMJ stability as well as
muscle structure (PA and Lf) and improving physical performance in sarcopenic older individuals.
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Introduction

Ageing is accompanied by a progressive decline in muscle
mass and functionality, associated with an increased likeli-
hood of adverse outcomes including falls, fractures, physical
disability and mortality, possibly leading to a clinical syn-
drome known as sarcopenia.1 This condition affects the per-
formance of daily life activities, reducing quality of life and ul-
timately leading to loss of independence in advanced age. For
these reasons, sarcopenia represents a heavy burden for
healthcare systems.1 Hence, countermeasures aiming at com-
batting this condition are warranted within the ageing mod-
ern society.

Among the causes of sarcopenia, motoneuron and neuro-
muscular junction (NMJ) degeneration have been proposed
as key determinants.2–5 Neuronal degeneration and NMJ in-
stability may be assessed in vivo in humans by measuring
the blood concentration of neurofilaments and C-terminal
agrin fragment (CAF), respectively.

Neurofilaments constitute the most abundant structural
scaffolding proteins of neuronal axons; they are exclusively
expressed in neurons and are released in the cerebrospinal
fluid and consequently in blood upon neuronal cell damage
and death.6 Among the four subunits constituting
neurofilaments, neurofilament light chain (NfL) is that with
the lowest molecular weight and, thus, with putatively en-
hanced diffusive capacity.7 These features highlight the perti-
nence of NfL as a blood-based biomarker. Neurofilament
abundance is particularly high in several pathologies involving
neuronal degeneration, such as amyotrophic lateral sclerosis,
Alzheimer’s disease, multiple sclerosis and frontotemporal
dementia (see previous works6,8). Other reports showed an
increase in NfL with age9,10 and negative correlations of this
biomarker with physical performance,11 suggesting a link be-
tween this phenomenon and the ongoing neuromuscular de-
generation that is known to accompany ageing.2,6 A very re-
cent study reported higher NfL concentrations in sarcopenic
than in pre-sarcopenic and non-sarcopenic older individuals,
suggesting that the neuronal degeneration underlying sarco-
penia development may be reflected in higher NfL serum
concentrations.12

The stability of NMJs can be investigated by measuring the
serum concentration of CAF, the 22-KDa C-terminal fragment
of the protein agrin, which is a heparan-sulphate proteogly-
can that stabilizes synaptic structures by aggregating acetyl-
choline receptors13 and is irreversibly inactivated by the en-
zyme neurotrypsin. Upon agrin cleavage at the synaptic
cleft, CAF is released in the circulation, with a consequent de-
stabilization of the NMJ through degeneration of its
endplate.14 Elevated CAF levels have been associated with
sarcopenia in community-dwelling elderly,15,16 and this
marker has been reported to be an easy-accessible and reli-
able indicator of NMJ instability.3,17

Exercise training has been consistently shown to be highly
effective in slowing down and possibly preventing the insur-
gence of sarcopenia in older people,18 counteracting loss of
muscle mass, strength and increases in intramuscular fat
infiltrations.19 While stressing the importance of a personal-
ized approach, general physical activity guidelines suggest
that a combination of moderate-intensity aerobic exercise,
progressive resistance and balance training might be the ideal
intervention for a sarcopenic population.18 Interestingly, a
very recent cross-sectional study conducted on healthy older
adults reported a negative relationship between physical ac-
tivity levels and NfL concentration, showing individuals per-
forming at least 90 MET-min/week of physical activity to have
lower probability of having high NfL concentration.20

However, despite the recognized importance of physical
activity for slowing down sarcopenia, no previous investiga-
tions assessed NfL concentration in response to longitudinal
training protocols, and only two studies performed this anal-
ysis on NMJ stability, through CAF evaluation, in a
mobility-limited population.21,22 In both cases, the authors
showed that either aerobic or strength training or a combina-
tion of aerobic, strength and balance training induced no
changes in CAF serum concentration over 6 or 12 months, po-
tentially preserving NMJ stability and preventing its deterio-
ration. In addition, a neuroprotective effect of regular train-
ing has been observed in seniors with a long history of
high-level recreational sporting activities who display fewer
denervated fibres23 and superior reinnervation capacity.24

These studies support the concept that exercise may be an
effective tool for slowing down sarcopenia progression by re-
ducing NMJ degeneration and promoting fibre reinnervation.

Hence, the aim of the present work was to investigate the
effects of a 2-year multimodal training intervention involving
aerobic, strength and balance exercises on muscle mass and
function, motoneuronal and NMJ health in a population of
older individuals classified as sarcopenic following EWSGSOP
2010 guidelines.25 We hypothesized that a better preserva-
tion of the neuromuscular system would be the main out-
come of this interventional study.

Materials and methods

Ethical approval and participants

The elderly volunteers enrolled in the present investigation
were participants of MUS-C-1 study, a project that aimed to
assess the relationship between muscle ultrasound and esti-
mates of muscle mass [obtained through dual-energy X-ray
absorptiometry (DXA) scan and bioimpedance analysis] in a
group of outpatients with suspected sarcopenia. All patients
enrolled underwent a comprehensive geriatric assessment
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at the Cognitive and Motoric Disorders Clinic of the
University-Hospital of Parma, Medical Geriatric Rehabilitation
Department.

Among the cohort of the MUS-C-1 study, in 2017, some
participants who were diagnosed for low muscle mass and
low muscle function were recruited to participate in the
SPRINTT project.26 A detailed description of the inclusion
and exclusion criteria and of the SPRINTT clinical trial (Sarco-
penia and Physical fRailty IN older people: multi-componenT
Treatment strategies) is provided in Data S1. At the end of
the 2-year duration of the SPRINTT intervention, participants
were finally enrolled in the follow-up study (MUS-C-2) and
underwent the same geriatric assessment performed in 2017.

The protocol of the MUS-C-1, MUS-C-2 and SPRINTT stud-
ies were approved by the Ethics Committee of Parma prov-
ince (ID 164/2018/OSS/AOUPR, ID 912/2018/OSS/AOUPR
and ID 82/2016/SPER/AOUPR, respectively).

SPRINTT intervention protocol

For the present investigation, 45 participants from MUS-C-1
study were selected to participate in the SPRINTT project
(see ‘Statistical analysis’ section). At baseline, BL (MUS-C-1)
and follow-up (MUS-C-2), volunteers underwent a visit to as-
sess their appendicular lean mass (DXA) and performance
[Short Physical Performance Battery (SPPB)], upper limb
strength (handgrip), lower limb muscle morphology and ar-
chitecture (ultrasound) and a blood sampling to assess moto-
neurons and NMJ damage via serum NfL and CAF concentra-
tion detection. Once enrolled, participants were randomly
assigned to two different groups: MultiComponent Interven-
tion (MCI), performing two-center and one home-based ses-
sion of mixed aerobic, strength and balance training per week
and receiving nutritional counselling, n = 24; and Healthy Ag-
ing Lifestyle Education (HALE), n = 21. SPRINTT physical activ-
ity intervention had a duration of 2 years; details can be
found elsewhere26 and in the Data S1.

DXA

DXA exams were performed with a Hologic™ QDR 4500 A
densitometer, US (Hologic, Inc., USA) device to quantify ap-
pendicular lean mass (aLM). Low muscle mass was defined
according to the Foundation for the National Institutes of
Health (FNIH) Sarcopenia Project criteria.27

SPPB and handgrip strength

Participants were evaluated in terms of physical performance
by means of SPPB, according to Guralnik et al.,28 and maximal
handgrip strength, measured as the average of three trials
per arm (90° flexion angle) by using a dynamometer (Baseline

Hydraulic Hand Dynamometer, Irvington, USA). Further de-
tails can be found in the Data S1.

Muscle morphology assessment

Each participant underwent an ultrasound scan to assess
vastus lateralis (VL) muscle morphology. Longitudinal images
of the right VL muscle were collected using B-mode ultraso-
nography (Mylab70, Esaote, Genoa, Italy) while participants
were resting in a supine position. VL architecture [fascicle
length (Lf) and pennation angle (PA)] was measured accord-
ing to the method described by Narici et al.29 Additionally,
VL CSA was assessed through the extended-field-of-view
(EFOV) ultrasonography technique (Mylab70, Esaote, Genoa,
Italy) at the 35% of the femur length. For a detailed descrip-
tion concerning how ultrasound measures were collected and
analysed, see Data S1.

Determination of serum biomarkers of
neurodegeneration

All participants underwent a blood sampling of 5 mL from the
median cubital vein, and serum was obtained. NfL concentra-
tion was determined at the facility ‘Centro Piattaforme
Tecnologiche’ of the University of Verona (8 Le Grazie St.,
37134, Verona VR, Italy) using the SIMOA Bead Technology
(Quanterix Corporation 900 Middlesex Turnpike, Billerica,
MA 10821) on Quanterix SR-x (#1913QP0444) platform with
Simoa® Nf-light Advantage Kit (SR-x). Samples were diluted
1:4 and run in duplicate. The measurement was performed
following the manufacturer’s instructions.

CAF serum concentration was determined using a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit (Human Agrin SimpleStep ELISA, Ab216945,
Abcam, Cambridge, UK) following the manufacturer’s instruc-
tions. Samples were diluted 1:4 and run in duplicate.

Statistical analysis

Definition of sample size was not estimated according to a
statistical method; the participants considered for the pres-
ent study were selected basing on MUS-C-1 and SPRINTT pro-
jects and on availability of biological samples.

Data are presented as mean ± SD or median [interquartile
range], as appropriate. Normality and shape of data were
assessed through Q-Q plot and Shapiro–Wilk tests; when
the dataset was not Gaussian, a logarithmic transformation
was applied; hence, parametric or non-parametric statistics
was performed, as appropriate. The specific test used for
each analysis is reported in the figure captions and in the
Data S1. All statistical decisions were made at P ≤ 0.05. Sta-
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tistical analyses were performed through SPSS Statistics 25
(IBM, Inc., Chicago, IL, USA), whereas GraphPad Prism soft-
ware (version 8.0; GraphPad software Inc., San Diego, CA)
was used to prepare graphs.

Results

Baseline characteristics of subjects enrolled in the
study

In the present study, we included 45 sarcopenic participants
(34 females and 11 males), whose features are reported in
Table 1. Mean age was 78.7 ± 5.9 years; mean BMI was in
the range of overweight (28 ± 4.4 kg/m2). Height and body
mass were 153.6 ± 15.6 cm and 70.1 ± 17.7 kg, respectively.
The median score of Mini-Mental State Examination Test
was 28 (suggestive of a normal cognitive status of partici-
pants); the median DXA aLMcrude and aLM/BMI were
14.9 kg and 0.564, respectively, reflecting low muscle mass;
the median score of SPPB test showed an impairment of

physical performance (median score 7, interquartile range
7–8).

Physical performance: SPPB tests output

The physical performance measured by SPPB and the
strength changes observed in response to the intervention
are reported in Table 2. Within HALE, a significant ameliora-
tion in SPPB balance and total score was observed
(P = 0.007, P = 0.019, respectively), whereas MCI improved
SPPB for balance, chair stand and total score (P = 0.034,
P = 0.006, P = 0.007, respectively). Force was preserved in
both groups. Such results were in line with those observed
in the global population participating to the SPRINTT
programme.30

Muscle morphological adaptations

Muscle morphological adaptations to the 2-year intervention
in terms of muscular architecture—PA and Lf—and VL CSA
are reported in Figure 1. The mixed ANOVA revealed a signif-

Table 1 Baseline characteristics of the volunteers enrolled in the study (n = 45, 75.6% females and 24.4% males)

HALE(n = 21) MCI(n = 24) MCI + HALE pooled(n = 45)

Mean ± SD Median[Q1–Q3] Mean ± SD Median[Q1–Q3] Mean ± SD Median[Q1–Q3]

Age (years) 79.6 ± 5.8 78.0 ± 6.1 78.7 ± 5.9
BMI (kg/m2) 26.9 ± 2.9 29.0 ± 5.2 28 ± 4.4
MMSE (score) 29[25–30] 28[27–29] 28[26.5–30]
aLMcrude (kg) 14.78[14.78–18.68] 15.00[14.44–16.75] 14.90[14.48–18.05]
aLM/BMI 0.596[0.539–0.723] 0.541[0.494–0.607] 0.564[0.506–0.685]
CAF (pg/mL) 5871.1 ± 1317.7 6360.7 ± 1441.2 6133.0 ± 1390.9
NfL (pg/mL) 24.1 ± 13.2 19.9 ± 11.0 21.8 ± 12.1
PA (°) 13.5 ± 1.5 13.1 ± 2.1 13.3 ± 1.8
Lf (mm) 70.9 ± 8.5 76.3 ± 14.7 73.8 ± 12.4
CSA (cm2) 9.9 ± 2.0 10.5 ± 3.1 10.2 ± 2.7
SPPB Balance (score) 3[2–3] 3[2–4] 3[2–3]
SPPB Gait (score) 3[2.5–4] 3[3–4] 3[3–4]
SPPB Chair stand (score) 1[1–2] 1[1–2] 1[1–2]
SPPB Total (score) 7[7–7.5] 7[7–9] 7[7–8]
Handgrip strength (kg) 22[20.75–27] 21.5[19.5–28.5] 22[20–27]

aLM/BMI, BMI-adjusted appendicular lean mass; aLMcrude, raw value of appendicular lean mass; BMI, body mass index; CSA,
cross-sectional area obtained at the 35% of the femur length; Lf, length of fascicles; MMSE, Mini-Mental Status Examination; PA,
pennation angle; SPPB, Short Physical Performance Battery.

Table 2 Differences of physical performance [measured by Short Physical Performance Battery (SPPB)] endpoints between baseline (BL) and follow-up
in control (HALE) and intervention (MCI) groups determined by Wilcoxon rank test

HALE (n = 21) MCI (n = 24)

BL Follow-up P value BL Follow-up P value

SPPB Balance (score) 3[2–3] 3[2–4] 0.007 3[2–4] 4[3–4] 0.034
SPPB Gait (score) 3[2.5–4] 4[3–4] 0.197 3[3–4] 4[3.25–4] 0.134
SPPB Chair stand (score) 1[1–2] 1[1–3] 0.468 1[1–2] 2[1.25–3] 0.006
SPPB Total (score) 7[7–7.5] 9[6.5–10.5] 0.019 7[7–9] 10[7.25–11] 0.007
Handgrip strength (kg) 22[20.75–27] 20[18.5–25] 0.229 22[19–28] 21.5[19.5–28.5] 0.512

In bold significant P values.

4 E. Monti et al.

Journal of Cachexia, Sarcopenia and Muscle 2023
DOI: 10.1002/jcsm.13173

 1353921906009, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13173 by U
niversity D

egli Studi D
i Parm

a Settore B
iblioteche, W

iley O
nline L

ibrary on [28/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



icant time and time × group interaction effect for PA
(P = 0.003 and P = 0.007, respectively) and a significant time
effect (P = 0.001) and a strong trend time × group interaction
effect (P = 0.056) for Lf. In HALE, both PA and Lf decreased
significantly at follow-up if compared with BL, from 13.5° to
12.8° (�5.1%, P < 0.001) and from 70.9 to 67.0 mm
(�5.5%, P = 0.012), although this drop was not present in
MCI. In contrast, mixed ANOVA revealed only a time effect
for VL CSA, which decreased significantly in both groups, from
9.9 to 8.5 cm2 in HALE (�12.7%, P < 0.001) and from 10.5 to
9.6 cm2 in MCI (�8.4%, P < 0.001). Although unpaired t-test
between HALE and MCI percentage decrements in VL CSA re-
vealed no significant differences (P = 0.14), a 35.8% lower
decrement in this parameter in the MCI group, if compared
with HALE, was observed.

Motoneuron and NMJ health status

Motoneuron health was inferred by measuring NfL concen-
tration in blood (Figure 2). HALE group increased by 16.6%
(from 24.1 ± 13.2 pg/mL to 27.7 ± 20.1 pg/mL), whereas
MCI experienced a slight 4.1% increment (from
19.9 ± 11.0 pg/mL to 20.6 ± 11.8 pg/mL). However, mixed
ANOVA reported no significant effect, neither on time nor
on group or their interaction.

The NMJ health status was inferred through the dosage of
CAF (Figure 2). Mixed ANOVA revealed time effect (P = 0.012)
and a trend for time × group interaction effect (P = 0.082),
and the analysis showed that CAF values were significantly
increased in HALE (from 5871.1 ± 1317.7 pg/mL to
6202.3 ± 1362.9 pg/mL, +6.2%, P = 0.009), whereas they were

Figure 1 Muscle size adaptations to 2-year intervention: vastus lateralis (VL), pennation angle (PA) (A), length of fascicles (Lf) (B) and cross-sectional
area (CSA) obtained at the 35% of the femur length (C) at baseline (BL) and follow-up for control (HALE) and intervention (MCI) groups, determined by
mixed ANOVA. **P < 0.01 follow-up versus BL. ***P < 0.001 follow-up versus BL. ****P < 0.0001 follow-up versus BL.

Figure 2 C-terminal agrin fragment (CAF) (A) and neurofilament light chain (NfL) (B) serum concentration variations in response to the 2-year inter-
vention: CAF and NfL values at baseline (BL) and follow-up for the control (HALE) and intervention (MCI) groups, determined by mixed ANOVA. NfL
values did not pass the normality test; thus, log10 transformation was applied; thereafter, normality test was passed. **P < 0.01 follow-up versus BL.

Exercise training and neuromuscular health in aged humans 5
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unchanged in MCI (from 6360.7 ± 1441.2 pg/mL to
6424.5 ± 1569.4 pg/mL, n.s.). According to the trend for
time × group interaction, the difference in ΔCAF between
the two groups showed a trend for significance (P = 0.082).

Correlation between changes in serum biomarkers
and parameters of muscle function

The relationship between variations in biomarkers of NMJ
stability and neuronal damage and changes in functional
outputs within the 2-year intervention was assessed through
correlation analyses (Tables 3 and 4). Considering all partici-
pants, ΔCAF was significantly and negatively correlated to
ΔSPPB total score (r = �0.305, P = 0.047). Performing the
analysis by group, we did not observe the same effect.
However, an inverse and significant correlation was observed
between ΔCAF and Δhandgrip strength in HALE group
(r = �0.578 P = 0.015). Changes in NfL were not correlated
to ΔSPPB performance, neither considering single subtask
nor ΔSPPB total score, in the entire population and in the
two groups.

Discussion

The present study investigated the effects of a 2-year multi-
modal training intervention on muscle mass and function,

motoneuron health and NMJ stability in an elderly sarcopenic
population.

In line with our hypothesis, our mixed aerobic, strength
and balance training seemingly preserved NMJ stability,
preventing serum CAF concentration raise in the MCI group,
although this biomarker increased significantly only in the
HALE group (+6.2% at follow-up). Conversely, NfL concentra-
tion did not change in either group. In addition, we observed
a significant effect of the exercise protocol on muscle
pennation angle, with a strong trend also on fascicle length,
which were both maintained in the MCI group but decreased
in the HALE group. Surprisingly, an increase in SPPB balance
and total score was found in both groups; on the other hand,
only MCI showed improvements in SPPB chair stand score. Fi-
nally, we found that serum CAF concentration variation over
the 2-year observation was negatively correlated with SPPB
total score in the population considered and to handgrip
strength changes only in HALE.

Effects of a 2-year multi-modal training
intervention on serum NfL and CAF concentration

NfL and CAF are well-established biomarkers of either neuro-
nal cell damage and death6 and NMJ stability.3,17 At baseline,
NfL and CAF concentrations were not different between HALE
and MCI.

Table 3 Spearman correlations between changes in physical performance outcomes measured through Short Physical Performance Battery (SPPB) and
handgrip strength and changes of C-terminal Agrin fragment (CAF) concentration within 2-year intervention

ΔCAF

HALE MCI HALE + MCI pooled

r P value r P value r P value

ΔSPPB Balance �0.235 0.32 �0.122 0.58 �0.164 0.29
ΔSPPB Gait 0.076 0.75 �0.41 0.852 0.06 0.69
ΔSPPB Chair stand �0.200 0.40 �0.029 0.90 �0.127 0.42
ΔSPPB Total �0.392 0.09 �0.214 0.33 �0.305 0.047
ΔHandgrip strength �0.578 0.015 �0.05 0.72 �0.229 0.10

Δ: change between BL and follow-up.
In bold significant P values.

Table 4 Spearman correlations between changes in physical performance outcomes measured through Short Physical Performance Battery (SPPB) and
handgrip strength and changes of neurofilament light chain (NfL) concentration within 2-year intervention

ΔNfL

HALE MCI HALE + MCI pooled

r P value r P value r P value

ΔSPPB Balance �0.081 0.73 �0.176 0.41 �0.109 0.48
ΔSPPB Gait 0.396 0.08 0.025 0.91 0.231 0.13
ΔSPPB Chair stand �0.359 0.11 0.284 0.18 �0.041 0.79
ΔSPPB Total �0.299 0.19 0.178 0.41 �0.048 0.76
Δ Handgrip strength 0.049 0.85 0.417 0.06 0.266 0.10

Δ: change between BL and follow-up.
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However, both NfL and CAF concentrations were markedly
higher than those of a young reference population analysed
in our laboratory (Figure 3), highlighting that, in older individ-
uals, sarcopenia is associated with NMJ instability5 and axonal
damage.9,10

Previous research showed that 1 month of aerobic exercise
was not able to prevent motoneuron degeneration in aged
animals but rescued their NMJs and muscle fibre
innervation.31

Based on these findings, we hypothesized that following
the 2-year intervention serum concentrations of NfL would
raise in both groups, whereas CAF would be maintained in
MCI. We also expected ageing and sarcopenia to exacerbate
the increments of CAF in HALE. However, this was only par-
tially confirmed.

Indeed, whereas CAF concentration at follow-up was
found to be unaltered in MCI but increased in HALE, NfL did
not change in either group. Although this result may seem
surprising, some important considerations should be made.
On the one hand, we observed a 16.6% and 4.1% NfL concen-
tration increment in HALE and MCI, respectively. Although
these changes were scored as not significant by the mixed
ANOVA, potentially due to the high individual variability in re-
sponse to training, our sample size was quite small. Hence,
we cannot exclude the possibility that, by testing a larger
sample, NfL concentration in sarcopenic elderly would in-
crease significantly over time. In fact, on larger cohorts, NfL
blood concentration has been shown to augment with age
in neurological disease-free individuals9,10 to different rates
and up to 4.3% per year, potentially due to motoneuronal
loss (especially fast-twitch fibre innervating motoneurons).5

Thus, up to about 10% of the total NfL increment observed
in HALE might be explained by the pure ageing process. In ad-
dition, it cannot be excluded that sarcopenia, which is associ-
ated with higher NfL concentrations,12 could have induced a
faster neurodegenerative decay, reflected by further NfL in-

crements (total of about 17% in HALE). Importantly, this phe-
nomenon seemed to be attenuated in MCI, in which a much
lower increase was observed. Therefore, and considering that
the variability of NfL concentration has been reported to in-
crease with ageing,9 it would be interesting to longitudinally
assess the variations of this parameter on a lager exercising
cohort, and potentially also over a longer time course, to un-
derstand whether physical exercise may have a protective ef-
fect on motoneurons in humans.

From a different point of view, one should also acknowl-
edge that neurofilaments are scaffolding proteins constitut-
ing neuronal axons6; hence, this marker is not selectively spe-
cific for motoneurons, but rather represents the whole
neuronal pool health. Our participants were free from neuro-
logical disease (known to be associated with consistent neu-
ronal wasting and NfL increments; see comprehensive
works6,8) and did not experience any trauma, which could in-
duce an acute and important neuronal death. Hence, the lack
of NfL increment might suggest that no substantial loss of
neuronal cells massively occurred in our participants over
the course of 2 years. Considering that the number of
motoneurons is much lower than that of neurons, the highly
variable response observed in our participants may indicate
that NfL is a less specific marker than CAF when assessing
the neuromuscular system responses to training in humans.

Conversely, CAF significantly increased only in HALE, sug-
gestive of an increased NMJ instability, although its concen-
tration was maintained in MCI. Furthermore, the interaction
time × group (mixed ANOVA) showed a trend for statistical
significance, suggesting a potential neuroprotective effect of
the exercise programme. This may have possibly delayed fur-
ther increases in NMJ instability and consequently reduced
CAF concentration increments. Our hypothesis is supported
by previous studies, reporting decreased or unchanged CAF
in both non-sarcopenic and sarcopenic elderly populations
following different typologies of intervention.14,21,32,33 In

Figure 3 C-terminal agrin fragment (CAF) (A) and neurofilament light chain (NfL) (B) serum concentration differences between a young (Young) ref-
erence population measured in our laboratory and the pooled old sarcopenic (O-Sarc) participants of the present study at baseline. Differences were
assessed via unpaired t-test. NfL values did not pass the normality test; thus, log10 transformation was applied; thereafter, normality test was passed.
****P < 0.0001 versus Young.
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contrast, two studies reported a trend for increased CAF fol-
lowing 6–12 weeks of training.33,34 Interestingly, one of these
studies found a differential effect of the same exercise proto-
col on peri-menopausal and post-menopausal women: CAF
was found to be higher and lower after the intervention, re-
spectively, in the first and second groups, thus stressing the
potential importance of age and hormonal status on this
biomarker.33

Cross-sectionally, both ageing and sarcopenia have been
shown to be linked to higher NfL and CAF
concentration,9,12,15,16 possibly reflecting a differently pre-
served neuronal/motoneuronal and NMJ health. Longitudi-
nally, our results confirm that ageing and, potentially, sarco-
penia contribute to the natural increase in these biomarker
concentrations. As NfL increments were not significant, no in-
ference about the effect of our exercise protocol on axonal
integrity may be made. On the other hand, oxidative stress,
due to mitochondrial dysfunction,35 muscle fibre denervation
and decreased PGC-1α expression36 are considered major
age-related neuromuscular alterations triggering NMJ dam-
age, also implicated in the biogenesis of sarcopenia.18 These
mechanisms might be responsible also for the increase in
CAF observed in the HALE group. Noteworthy, in the MCI
group, CAF concentration was unchanged with a trend in fa-
vour of the efficacy of exercise intervention in preserving
NMJ stability.

In support of this concept, animal studies have shown that
training has a protective effect on the NMJ37; for example,
aerobic exercise induced a partial reversion of the NMJ alter-
ations that had already occurred in 22-month-old mice after
1 month of running protocol.31

One may speculate that our mixed aerobic, strength and
balance training induced beneficial effects at the muscle
and NMJ level (including mitochondrial increased biogenesis
and turnover,38 increased muscle protein synthesis39 and
neurotrophin production and release37), thus better promot-
ing NMJ stability maintenance and CAF concentrations, to-
gether with preventing muscle architecture declines and in-
ducing ameliorations in muscle performance.

Effects of a 2-year multimodal training intervention
on muscle size, architecture and function

Another important finding of this study was the unchanged
muscle architecture (PA and Lf), associated with an improved
physical performance in MCI, as opposed to the decrease in
PA and Lf despite increased SPPB balance and total scores
in HALE. The significant time × group interaction effect de-
scribed for PA and the strong trend for Lf (P = 0.056) suggest
that the mixed aerobic, strength and balance training was
able to preserve muscle architecture in MCI. This result is rel-
evant especially considering the very old (80 years old),
sarcopenic population involved in this study. Indeed, low

weights were used within the strength training, likely reduc-
ing the potential for hypertrophy. Accordingly, MCI VL CSA
decreased by about 8%. This strongly suggests that the ageing
process acts as an important determinant of the loss of mus-
cle mass but also that training volume, intensity or a combi-
nation of both was not sufficient to contrast the muscle mass
decrement. In support of this view, a 1-year study by
Goodpaster et al.19 on elderly people demonstrated that, af-
ter a 12-month intervention, both controls and trained volun-
teers experienced a loss of muscle mass, although muscle
force was preserved in the exercised group only. In addition,
it is worth noting that a trend for a greater reduction in mus-
cle CSA was observed in HALE (�13%) than in MCI (�8.4%),
highlighting the protective effect of the training intervention
on muscle mass and architecture, as opposed to the signifi-
cant decrease of all muscle morphological parameters (PA,
Lf and CSA) in HALE, reflecting a worsening of the sarcopenic
condition.

In this study, muscle function and performance measured
through SPPB was surprisingly ameliorated both in MCI and
HALE groups, although MCI improved balance, chair-stand
and total SPPB scores, while in the HALE group only balance
and total SPPB changed. Whereas the balance test may re-
flect a preserved or improved balance capacity, which is nec-
essary to everyday life activity performance and might ex-
plain the observed output, the chair stand is considered a
measure of lower limb muscle power. Hence, MCI selective
chair-stand score improvement may be reflective of a benefi-
cial effect of the strength component in the proposed
training.

Interestingly, SPPB total score was negatively correlated
with changes in CAF concentration in the whole population
considered. Longitudinally, no previous work investigated this
relationship; it could be speculated that CAF concentration
increments, reflective of NMJ destabilization processes,
would negatively affect the performance of motor tasks. In
support of this, we also observed CAF variation to be in-
versely correlated to handgrip strength only in HALE, who ex-
perienced a higher (although not significant) loss of muscle
strength associated with increased CAF. Similar correlations
were reported in COPD patients undergoing pulmonary
rehabilitation40 and patients increasing their lean mass dur-
ing a post-stroke rehabilitation protocol.41

Methodological considerations

The observed baseline pooled MCI and HALE NfL concentra-
tion was 21.8 pg/mL, while CAF was 6133 pg/mL. Whereas
NfL concentration values are in line with previous literature8

and have been assessed with the gold-standard technique
SIMOA, the observed CAF concentration in our sample de-
serves a brief critical discussion.

8 E. Monti et al.
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In fact, the baseline CAF concentration observed in the
present cohort (6133 pg/mL) was significantly greater than
that found in non-sarcopenic sedentary (5161.6 pg/mL) and
active (4388.6 pg/mL) elderly involved in a recent study of
our laboratory.42 Noteworthy, very similar results were also
reported by previous work comparing non-sarcopenic to
sarcopenic elderly.14–16 Interestingly, in the first study con-
ducted on circulating CAF in healthy and sarcopenic elderly,
this peptide was dosed in serum using western blot
(WB),14,15 and its concentration was reported to be around
3 ± 0.86 ng/mL (3000 ± 860 pg/mL) in healthy elderly and
to range between 4.5 ± 2.2 and 5.4 ± 2.9 ng/mL
(4500 ± 2200 to 5400 ± 2900 pg/mL) in a sarcopenic popula-
tion. In our study, as in many more recent others, CAF serum
concentrations were dosed using an ELISA kit, which seems to
slightly, but systematically, overestimate values obtained by
WB analyses (around 4400 for healthy active elderly and
6100 for sarcopenic ones). Such systematic overestimation
might be due to the different techniques used (WB vs ELISA);
however, it is noteworthy that the proportions between CAF
concentrations in healthy and sarcopenic old people are in
line with those reported by the abovementioned studies from
Drey and Hettwer groups.14,15

Limitations

An important limitation of our study is that the present re-
search included a small number of participants; enlarging
the sample size would be appropriate to confirm the relation-
ships we have described.

A second limitation is represented by the absence of mus-
cle biopsies. Indeed, the observation of a better maintained
NMJ stability would have been strengthened by analysis of
muscle fibre cross-sectional area, grouping and denervation
or reinnervation biomarkers. The hypothesis, open for being
tested in future studies, is that exercise would result in a
lower amount of denervated fibres or an increased abun-
dance of regenerating, reinnervated fibres associated with
more stable and innervated NMJs.

Conclusions

In conclusion, our 2-year multimodal training intervention in-
cluding aerobic, strength and balance exercises seemed effec-
tive for preventing CAF concentration increments, suggesting
a positive effect on NMJ stability. Importantly, also architec-
tural alterations of pennation angle and, with a strong trend,
of fascicle length were prevented in the trained group,
whereas the control group experienced a decrease in both

parameters. Finally, improvements of physical performance
were correlated with changes of serum biomarkers of NMJ
stability, suggesting a potential role of CAF (but not of NfL)
as proxy of muscle function.
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