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Abstract: Objective: Segmental demyelination is the pathological hallmark of chronic inflammatory
demyelinating polyradiculoneuropathy (CIDP), but other elementary lesions are frequently observed,
configuring a series of different pathological pictures. In this article, we review the pathological
findings of a large series of sural nerve biopsies from our cohort of CIDP patients. Patients and
Methods: Patients with CIDP who underwent nerve biopsy were retrospectively selected from those
referred to the Institute of Neurology of the “Universita Cattolica del Sacro Cuore” in Rome, Italy,
from 1982 to February 2020. Sural nerve biopsy was performed according to standard protocols.
Results: Sural nerve biopsy was performed in 43/130 CIDP patients. Demyelinating abnormalities
and axonal loss were found in 67.4% and 83.7% of biopsies, respectively. Conversely, onion bulbs
and inflammatory infiltrates were rare (18.6% and 4.7%, respectively). In three cases, we observed
normal pathological findings. Conclusions: A pathognomonic pathological finding of CIDP cannot
be established, but we confirm the utility of nerve biopsy in this setting to confirm the diagnosis
(also in atypical phenotypes) and to elucidate pathogenic mechanisms.

Keywords: CIDP; nerve biopsy; onion bulbs; segmental demyelination; inflammatory infiltrates;
regenerating clusters; axonal loss

1. Introduction

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is a clinically heterogeneous,
roughly symmetric, sensory and motor neuropathy of likely immune origin [1-3]. Its denomination,
originally coined by Dyck and co-workers [4], summarizes the main clinicopathological features of the
disease, its hallmark being inflammation-mediated demyelination [1].

In its classic presentation, CIDP appears as a mainly motor neuropathy, affecting both distal
and proximal muscles of the four limbs, along with sensory involvement and generalized areflexia,
evolving as a monophasic, relapsing, or progressive disorder in more than two months. However,
there is a remarkable heterogeneity in clinical presentation, and several variants of CIDP have thus
far been described, all characterized by electrophysiological and/or histopathological features of
segmental demyelination [5].
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Demyelinating lesions are distributed in a multifocal pattern in the peripheral nervous system.
The examination of sensory nerve biopsy represents a privileged instrument both for diagnostic
purposes and for understanding possible pathogenic mechanisms [4,6-17].

Segmental demyelination is typically considered as the pathological hallmark of CIDP, but other
elementary lesions are frequently observed, including axonal degeneration, proliferation of Schwann
cells leading to the formation of “onion bulbs”, and inflammatory infiltrates. In a minority of cases,
endoneural and intramyelinic edema, and axonal shrinking have been described too [4,6-18].

For many years now, macrophage-mediated demyelination has been described in CIDP. The first
description by Prineas demonstrated, using electron microscopic examination of nerve samples
from patients with recurrent idiopathic polyneuropathy, that myelin breakdown is initiated by
macrophages penetrating Schwann cells, and in the following years, this mechanism was confirmed in
other studies [7-18].

Recently, autoantibodies against nodes of Ranvier and paranodes have been identified, and their
association with distinct subgroups of CIDP patients has been described [19].

All the described alterations can combine in many ways, configuring a series of different
pathological pictures.

In this article, we review the pathological findings of a large series of sural nerve biopsies from
our cohort of CIDP patients in order to underline the most frequent pathological alterations and to
make a correlation with clinical findings.

2. Materials and Methods

2.1. Patients

Patients were retrospectively selected from those referred to the Institute of Neurology of the
“Universita Cattolica del Sacro Cuore” in Rome, Italy, from 1982 to February 2020.

Diagnosis was defined according to the European Federation of Neurological Societies and the
Peripheral Nerve Society (EFNS/PNS) diagnostic criteria for CIDP [20], including mandatory clinical
and electrodiagnostic criteria, potentially integrated with a set of supportive criteria. According to
these criteria, patients were divided into three diagnostic categories: “definite CIDP”, “probable CIDP”
or “possible CIDP” [20].

As regards the phenotype, based on clinical and electrophysiological features, patients were
further divided into two classes: “typical” and “atypical” CIDP [5].

Patients with an approximately symmetrical sensory-motor neuropathy, with motor involvement
grossly more prominent than the sensory one, were labeled as having a “typical CIDP”. In contrast, in the
second group, we included all the patients with any of the atypical variants of CIDP so far described:
distal acquired demyelinating symmetric neuropathy (DADS neuropathy); multifocal acquired
demyelinating sensory and motor neuropathy (MADSAM neuropathy or Lewis-Sumner syndrome);
pure motor CIDP; sensory CIDP; and focal CIDP [5].

Furthermore, according to the disease course after the initial phase, three different types of disease
course were recognized: monophasic course, relapsing-remitting course, chronic progressive course [5].

2.2. Nerve Biopsy

Sural nerve biopsy was performed, after obtaining informed consent, as previously described [21].
Light and electron microscopy preparations, as well as teased fiber analysis, were performed according
to standard methods [21].

2.3. Statistical Analysis

Statistical analysis of data was performed by SPSS (Statistical Package for Social Science) version
24.0 to assess any differences between the group of patients who underwent nerve biopsy and the group
of patients for which nerve biopsy was not performed (biopsy performed vs. biopsy not performed).
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Moreover, considering only patients who underwent nerve biopsy, statistical analysis was carried out
to assess any differences based on the clinical phenotype (atypical vs. typical cases). Mann-Whitney
U test and Fisher’s two-tailed exact test were used to compare numerical and nominal dichotomous
variables, respectively. In case of categorical polytomous variables, a Chi-squared test was performed.
Significance was set at 0.05.

2.4. Ethics

The study was approved by the “Fondazione Policlinico Universitario A.
Gemelli IRCCS—Universita Cattolica del Sacro Cuore” Ethics Committee, Rome (Prot. 23255/16
ID 1229). The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki
(6th revision, 2008), as reflected in a priori approval by the institution’s Human Research Committee.

3. Results

3.1. Clinical Results

A total of 130 patients (84 males and 46 females) were diagnosed with CIDP in the period examined.
Male-to-female ratio was 1.8. Mean age at onset was 48.7 years (median 54.0; standard deviation
19.3; range 7-85). Mean follow-up was 97.0 months (median 68.5; standard deviation 84.9). A typical
presentation was observed in 84/130 (64.6%) patients; conversely, an atypical phenotype was observed
in 46/130 (35.4%) patients (Figure 1).

¢

m Typical CIDP = DADS MADSAM = Pure motor CIDP = Sensory CIDP = Focal CIDP

Figure 1. Distribution of clinical phenotypes in the entire chronic inflammatory demyelinating
polyradiculoneuropathy (CIDP) cohort.

Demographic and clinical characteristics of the entire CIDP cohort are summarized in Table S1.

A total of 43 out of 130 (33.1%) patients (28 males and 15 females) underwent a nerve biopsy.
Male-to-female ratio was 1.9. Mean age at onset was 46.7 years (median 45.0; standard deviation 18.4;
range 7-82). Mean follow-up was 139.5 months (median 130.0; standard deviation 99.1). Mean age at
biopsy was 51.8 years (median 56.0; standard deviation 20.0; range 12-82). Mean time from disease
onset to nerve biopsy was 68.8 months (median 25.0; standard deviation 87.4).

According to diagnostic criteria, 38/43 had a definite CIDP, 2/43 had a probable CIDP, 0/43 had a
possible CIDP, and 3/43 did not fulfil EFNS/PNS diagnostic criteria (Figure 2).



Brain Sci. 2020, 10, 383 40f 15

mDefinite CIDP mProbable CIDP mNaot fulfilled criteria

Figure 2. European Federation of Neurological Societies and the Peripheral Nerve Society (EFNS/PNS)
diagnostic category among CIDP patients that underwent a sural nerve biopsy.

A typical presentation was observed in 30/43 (69.8%) patients (Figure 3). Mean age at biopsy was
52 years (median 54.6; standard deviation 21.2; range 12-82). Mean time from disease onset to nerve
biopsy was 66.5 months (median 14.7; standard deviation 87.0).

m Typical CIDP ®m DADS = MADSAM ® Pure motor CIDP

Figure 3. Distribution of clinical phenotypes among CIDP patients that underwent a sural nerve biopsy.

An atypical phenotype was observed in 13/43 (30.2%) patients (Figure 3). Mean age at biopsy was
51.5 years (median 56.5; standard deviation 17.9; range 13-82). Mean time from disease onset to nerve
biopsy was 74.3 months (median 34.7; standard deviation 91.7).

Demographic and clinical characteristics of CIDP patients who underwent nerve biopsy and their
comparison with the remaining cohort are summarized Table S2.

3.2. Pathological Results

Obvious demyelinating abnormalities in both semithin sections and teased fiber analysis were
found in 16 biopsies (37.2%). Conversely, demyelination was detected only in semithin sections (fibers
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with very thin or absent myelin sheath) in seven cases (16.3%) (Figure 4a), and only in teased fiber
analysis in a further six patients (13.9%) (Figure 5a,b). Remyelination was observed on teased fiber
analysis in nine cases (20.9%).

Figure 4. Semithin section stained with toluidine blue. Sural nerve biopsy performed in a 66-year-old
man with “typical” CIDP (a), and sural nerve biopsy from a normal subject matched per age (b).
A moderate reduction of myelinated fibers is shown (a). Many fibers (75%) have a thin myelin sheath
if compared with axon diameter (red arrows in (a)); few fibers (4%) are devoid of myelin sheath
(“naked axons”, black arrows in (a)).

Figure 5. Teased fibers analysis from sural nerve biopsy performed in a 65-year-old man with “atypical”
CIDP (multifocal acquired demyelinating sensory and motor neuropathy (MADSAM)) (a,b) and
from sural nerve biopsy performed in an age-matched control with an axonal polyneuropathy (c).
Segmental demyelination, found in about 40% of fibers, is shown (a,b).

Electron microscopy confirmed the alterations seen on light microscopy and in some cases showed
macrophages loaded with myelin debris invading the basal lamina of myelinated fibers (Figure 6a—d).

In three patients, evidence of demyelination and/or remyelination was not evaluable because of
the severe axonal loss. In the remaining 11 patients (25.6%), there was not any feature suggestive of
either demyelination or remyelination.
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Figure 6. Sural nerve biopsy from a 37-year-old man with “typical” CIDP (a-d) and normal age-matched
controls (e,f). Electron microscopy. Macrophage-mediated demyelination. (a) A fiber with normal
myelin appearance wrapped in a macrophage (ma) is observed; in the macrophage’s cytoplasm,
there are numerous myelinated figures, expression of an early phase of the demyelination process.
The arrows indicate the demarcation between the cytoplasm of the Schwann cell (Sc) and that of the
macrophage. Separated from the fiber, another macrophage (m) participates in the “digestion” of
the myelin. (b) Greater enlargement of a detail of (a). The macrophage has broken off the basement
membrane (arrows) to attack the myelin. (c) Myelin begins to decompact and has a “beehive” (arrow)
appearance. Also, in this case, the macrophage (ma) actively participates in the process of destruction
of the myelin sheath. (d) Axon (ax) appears completely devoid of the myelin sheath. Also, in this
case, there is a macrophage (ma) loaded with myelin debris. (¢) Normal myelinated fiber. (f) Normal
myelinated fiber surrounded by Schwann cell.

Onion bulbs and inflammatory infiltrates, considered as other typical features of the disease,
were present only in eight (18.6%) and two (4.7%) patients, respectively (Figure 7a—d).
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Figure 7. Different pathological alterations in CIDP (a—c) and normal age-matched control (e,f).
(a—c) Semithin section from CIDP patients stained with toluidine blue. (a) Sural nerve biopsy from a
64-year-old woman with “typical” CIDP. Two contiguous fascicles with completely different aspects:
in one, only a loss of myelin fibers is observed; while in the other, fibers are extremely reduced in number
and are all surrounded by onion bulbs. (b) Sural nerve biopsy from a 47-year-old woman with “typical”
CIDP: marked reduction of myelinated fibers, all surrounded by onion bulbs, is observed. (c) Sural nerve
biopsy from a 65-year-old man with “atypical” CIDP (MADSAM, shown in Figure 5a,b): slight reduction
of myelin fibers and active axonal degenerations (arrows) are observed. (d) Hematoxylin and eosin
(H&E) staining from a CIDP patient. Sural nerve biopsy from a 53-year-old man with “typical” CIDP:
an endoneural inflammatory infiltrate is present. (e) Semithin section from a normal subject stained
with toluidine blue. (f) H&E staining from a normal subject.

Subperineural edema was detected in four patients (9.3%), and endoneural edema in another
patient (2.3%). Marked myelin swelling due to intramyelinic edema was observed in three other cases
(7.0%) (Figure 8a—e).
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Figure 8. Sural nerve biopsy from a 58-year-old man with “typical” CIDP (a). Semithin sections stained
with toluidine blue (a). Numerous fibers appear vacuolated (arrows in (a)) and show a distension and
thinning of the myelin sheath (a). Electron microscope (b-e). Sural nerve biopsies from a 63-year-old
woman with “typical” CIDP (b); from a 58-year-old man with “typical” CIDP (shown in (a)) (c);
from a 61-year-old man with “typical” CIDP (d); and from the 65-year-old man with “atypical” CIDP
(MADSAM) shown in Figures 5a,b and 7c (e). Intramyelinic edema appears as a finely granular fluid
material that relaxes and deforms the myelin sheath. The fibers affected have a swollen appearance with
amarkedly increased diameter: myelin decompaction occurs at the level of the major dense line, and the
axons invariably show a marked reduction in diameter, as shrunk by osmotic mechanisms. (f) Semithin
section stained with toluidine blue from a normal age-matched control. (g) Electron microscope.
Mpyelinated fibers from a normal age-matched control.

In the great majority of nerve specimens (36 out of 43 nerve biopsies, 83.7%), we detected a
variable degree of axonal loss (mild in 10 cases, moderate in 11, severe in 15), sometimes with focal
distribution (Figure 4a). Wallerian degenerations were noted in 22 cases (51.2%), and regenerating
clusters were observed in 26 biopsies (60.5%) (Figure 7c).

Detailed pathological findings are summarized in Table 1.

Table 1. Detailed pathological finding of 43 nerve biopsies.

Count (%)
Final histopathological findings
Demyelinating 2 (4.7%)
Mixed 29 (67.4%)
Axonal 9 (20.9%)

Normal 3 (7.0%)




Brain Sci. 2020, 10, 383

Table 1. Cont.

9of 15

Evidence of demyelination

Absent

11 (25.6%)

Only by teased fiber analysis 6 (13.9%)
Only by semithin sections analysis 7 (16.3%)
Both by semithin sections and teased fiber analysis 16 (37.2%)
Not evaluable 3(7.0%)
Evidence of remyelination by teased fiber analysis 9 (20.9%)
Onion bulbs 8 (18.6%)
Loss of fibers
Absent 7 (16.3%)
Mild 10 (23.2%)
Moderate 11 (25.6%)
Severe 15 (34.9%)
Axonal degeneration 22 (51.2%)
Regeneration clusters 26 (60.5%)
Inflammatory infiltrates 2 (4.7%)
Vasa nervorum abnormalities 0 (0%)
Intramyelinic edema 3(7.0%)
Endoneural or subepineural edema 5 (11.6%)

In our cohort, a similar percentage of biopsies was performed in patients with typical and atypical
phenotypes, and no specific pathological alteration was predominant in one group than in the other.
Comparisons between pathological findings among the patients who underwent nerve biopsy based

on the clinical phenotype are reported in Table S3.

4. Discussion

Our series confirms that segmental demyelination is the pathological hallmark of CIDP,
together with other elementary lesions, as widely reported in the literature on nerve biopsies and in
rare autopsy studies (Table 2) [22]. Importantly, these alterations may combine in many different ways,
configuring a series of different pathological pictures in CIDP (Table 1) [4,6-17].
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Table 2. Pathological alterations (%) in different reported cohorts of CIDP.

10 of 15

Reference No. of Biopsies Demyelination Axonal Loss/Degeneration Onion Bulbs Inflammatory Infiltrates =~ Normal Pathology
Dyck et al., 1975 [4] 26 23.4 100 15 19 0
Prineas et al., 1976 [6] 26* 80 30 39 NR 20
Barohn et al., 1989 [7] 56 60.7 33.9 NR 10.7 17.9
Krendel et al., 1989 [8] 14 50 NR 36 29 NR
Azulay et al., 1992 [9] 20 90 55 35 15 10
Matsumuro et al., 1994 [10] 9 100 88.9 22 22.2 0
Gorson et al., 1997 [11] 18 39 61 5 17 17
Rizzuto et al., 1998 [12] 105 100 85 48 25 0
Bouchard et al., 1999 [13] 95# 72 47 18 4 2
Vallat et al., 2003 [14] 8 ** 100 100 NR 75 0
Kulkarmi et al., 2010 [15] 46 82.8 56.6 28.3 58.7 0
Piccione et al., 2016 [16] 26 % 46.0 69.2 38.5 61.5 0
Ikeda et al., 2019 [17] 106 22.8 8.1 NR 29.7 NR
Luigetti et al. (this paper) 43 67.4 83.8 18.6 4.7 7.0

* 25 sural nerve and 1 radial nerve; ** 7 sural nerve and 1 radial nerve;

nerve biopsied not clearly specified. In the remaining papers all biopsies are sural nerve. NR, not reported.
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Several factors contribute to such variability. Firstly, the observed picture on nerve biopsy
represents only a snapshot of the cascade of events occurring over time. Therefore, the type of
lesions observed is strictly dependent on the disease phase in which the sampling is performed.
Secondly, CIDP is a multifocal disorder where the spatial distribution of the lesions follows the laws of
variability and unpredictability typical of stochastic phenomena, including inflammatory processes [23].
The nerves commonly accessible to the biopsy are the sural and the superficial peroneal nerves, and their
variable involvement depends on the casual spatial distribution of the lesions throughout the peripheral
nervous system. Finally, it should be considered that pathological heterogeneity could reflect different
mechanisms of immune responses involved in CIDP. Supporting this hypothesis is the recent discovery
that some immune-mediated neuropathies, usually classified as CIDP, are caused by antibodies that alter
the ultrastructural organization of the paranodes without inflammation or overt demyelination [24,25].

Segmental demyelination is characterized by the destruction of the myelin sheath which generally
involves short (less than one internode long) segments, while the axonal structures remain intact.
In our series, demyelination was found in 67% of patients (Table 1) [4,6-17].

Demyelinating phenomena can be observed in light microscopy and/or electron microscopy,
but teased fiber examination allows a more accurate identification and quantification of these
phenomena (Figure 5a,b) [4].

The American Academy of Neurology (AAN) commission suggested quantitative criteria to
establish “unequivocal evidence of demyelination and/or remyelination” in nerve biopsies of patients
with CIDP: at least 12% of 50 dissociated fibers, minimum of four internodes each, must have these
alterations, or by electron microscopy, a minimum of five fibers must show demyelination [3].

Although demyelination represents the prevalent and probably primary event of CIDP,
pathological examination shows that, in most patients, this lesion is associated with a significant
loss of fibers (Figure 4a). In our series, we reported a variable degree of axonal loss in almost 85%
of biopsies (Table 1).

Axonal involvement can represent an “innocent by-stander” effect, a non-specific consequence of
an inflammatory process that primarily affects myelin. However, it should be borne in mind that the
distinction between axonal and demyelinating pathologies, while retaining an undoubted value in the
diagnosis and classification of neuropathies, is an artificial simplification since neuritis and Schwann
cells form a morpho-functional unit in which the two components are strictly interdependent [26].

A “pure” demyelinating disease, in which the nerve biopsy showed only myelin destruction
without the involvement of the axons, was observed in only 5% in our cohort (two patients) [4,6-17].

It is important to underline that, in about 25% of our cohort, the nerve biopsy does not show clear
demyelinating phenomena but only a loss of fibers, associated or not with axonal degeneration in the
active phase. This finding may be a consequence of the multifocality of the disease. Fiber loss will
be the only alteration when active inflammation, responsible for demyelination and destruction of
the axons, occurs in the segments proximal to the site of the biopsy sample. Confirming this data,
in all patients with pathological evidence of “axonal” neuropathy from our cohort, neurophysiological
investigations (which, unlike biopsy, have the undoubted advantage of allowing an extensive study of
the nerves) show signs of demyelination.

However, rare cases have been reported in which both the pathological examination of the
nerve and nerve conduction studies showed an exclusively axonal involvement [26]. One possible
explanation is that there is a form of chronic inflammatory polyradiculoneuropathy in which the
immune process has other targets rather than myelin, similarly to what was observed for the axonal
forms of Guillain-Barré syndrome [27].

The hypothesis of an inflammatory nature for CIDP is related to the observation that inflammatory
cells, namely macrophages and T cells, actively participate in the pathogenesis of the disease [28].
However, clear inflammatory infiltrates on light microscopy are found only in a minority of cases
(Table 1). We confirmed this data with inflammatory infiltrates found in only 5% of biopsies in our
cohort (Figure 7d). The role of macrophages in demyelination can be better observed using electron



Brain Sci. 2020, 10, 383 12 0f 15

microscopy, which shows that the “stripping” of myelin by macrophages likely represents the primary
event [29]. Accordingly, our findings by electron microscopy showed that macrophage-mediated
demyelination is a central mechanism in CIDP. In Figure 6a,b, a macrophage that penetrated below the
basement membrane of a myelinated fiber can be seen. The abundant myelin figures in its cytoplasm,
in the presence of a normal myelin sheath, indicate that the macrophage was initiating the destruction
of the myelin and was not simply scavenging myelin debris. In a subsequent phase, the myelin
sheath undergoes degenerative phenomenon, with an initial decompaction (Figure 6¢) until a complete
disruption (Figure 6d).

In one patient in our cohort, we detected antibodies against Contactin-1 [30]: the pathological
picture of this patient revealed a mild axonal loss with occasional Wallerian degeneration without
demyelination, consistent with the reported data [31].

In a variable percentage (Table 1), the morphological picture is dominated by phenomena of
Schwann cell proliferation, leading to the formation of the classic “onion bulbs” (Figure 7a,b), and to
an increase of the fascicular area, which corresponds to a macroscopic enlargement of the nerves,
appreciable on palpation and, in some cases, with neuroimaging [32,33]. In our experience, onion bulbs
are observed only in a minority of cases (about 20%). Onion bulbs are considered an unspecific reaction
of the Schwann cell and fibroblasts to repeated phenomena of demyelination and remyelination, but it
is not clear why this finding is absent in the majority of cases, including those with a long history of
disease (Figure 7a).

In our cohort, 7% of biopsies were completely normal, a percentage similar to that reported in
the literature, ranging from 10% to 20% of cases. This can be explained once again by the multifocal
nature of CIDP, in which the nerve sample may not show any alterations because it is spared from
the inflammatory process by chance. Furthermore, normal aspects of nerve biopsy, when associated
with the absence of clinical and electrophysiological sensory involvement, occur in pure motor CIDP,
which has been suggested to represent a distinct nosological entity [5,34,35]. Finally, the absence
of lesions in nerve biopsy can be explained with the hypothesis that in some forms of CIDP the
loss of function of nerve fibers is not attributable to morphological changes, as demyelination,
axonal degeneration or paranodal dismantling, but to the failure of conduction caused by antibodies
blocking ion channels [24,29].

In some patients [36], the nerve biopsy shows a vacuolization of fibers due to an accumulation of
water and proteinaceous material inside the myelin sheath suggestive of intramyelinic edema (IE).
Under optical microscopy, the fibers affected by the IE have a swollen appearance with a markedly
increased diameter (Figure 8). Under electron microscopy (Figure 8), myelin decompaction occurs at the
level of the major dense line, and the axons invariably show a marked reduction in diameter, as shrunk
by osmotic mechanisms. Our data, and studies in experimental neuropathies [18,37], indicate that
IE may represent a transient phase of a demyelinating process and the possibility that IE may per se
impair impulse propagation seems likely. The fact that IE has been rarely reported in human pathology
suggests that this elementary lesion may be specific for some CIDP subtypes or may represent a
short-lived aspect of demyelinating neuropathies [36].

5. Conclusions

In conclusion, we confirm that nerve biopsy may be helpful in the diagnosis of CIDP and may
probably contribute to improve our understanding of pathogenetic mechanisms and to identify
proper treatments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/10/6/383/s1,
Table S1: Demographic and clinical characteristics of the cohort of study, Table S2: Demographic and clinical
characteristics of CIDP patients who underwent nerve biopsy and statistical analysis to assess any differences
between this group of patients and the group of patients for which nerve biopsy was not performed, Table S3:
Statistical analysis to assess any differences among the patients who underwent nerve biopsy based on the
clinical phenotype.


http://www.mdpi.com/2076-3425/10/6/383/s1

Brain Sci. 2020, 10, 383 13 0f 15

Author Contributions: Conceptualization, M.L. and M.S.; methodology, M.L., AR., AD.P, and G.B.; formal
analysis, M.L., AR, A.D.P, GB, SR, A.C, and EM,; investigation, M.L., AR., AD.P, G.B.,, SR, AC, and EM,;
resources, M.L., AR, AD.P, G.B, S.R.,, A.C,, and EM.; data curation, M.L., A.R., A.D.P, G.B., S.R., A.C., and
FEM.; writing—original draft preparation, M.L., A.R., A.D.P,, G.B., and M.S.; writing—review and editing, M.L.,
AR, ADP,GB, SR, and M.S;; supervision, M.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Acknowledgments: We thank Manuela Papacci for her technical support.

Conflicts of Interest: M.L. received financial grants (honoraria and speaking) from Ackea, Alnylam, and Pfizer,
and travel grants from Ackea, Alnylam, Pfizer, Kedrion, Csl Behring, and Grifols; A.R. received travel grants from
Pfizer and Csl Behring, and financial grants from Akcea; A.D.P. received travel grants from Pfizer; G.B. received
financial grants (honoraria and speaking) from Alnylam, and travel grants from Pfizer, Alnylam, and Grifols; M.S.
received financial grants (honoraria and speaking) from Ackea and Alnylam, and travel grants from Grifols; S.R.,
A.C., and FEM. have no potential conflicts of interest to disclose. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results. All authors have read and agreed to the published version of the manuscript.

References

1. Vallat, ].M.; Sommer, C.; Magy, L. Chronic inflammatory demyelinating polyradiculoneuropathy: Diagnostic
and therapeutic challenges for a treatable condition. Lancet Neurol. 2010, 9, 402—412. [CrossRef]

2. Hughes, R.A ; Allen, D.; Makowska, A.; Gregson, N.A. Pathogenesis of chronic inflammatory demyelinating
polyradiculoneuropathy. J. Peripher. Nerv. Syst. 2006, 11, 30-46. [CrossRef]

3. Saperstein, D.S.; Katz, ].S.; Amato, A.A.; Barohn, R.J. Clinical spectrum of chronic acquired demyelinating
polyneuropathies. Muscle Nerve 2001, 24, 311-324. [CrossRef]

4. Dyck, PJ.; Lais, A.C.; Ohta, M.; Bastron, J.A.; Okazaki, H.; Groover, R.V. Chronic inflammatory
polyradiculoneuropathy. Mayo Clin. Proc. 1975, 50, 621-637.

5. Doneddu, PE.; Cocito, D.; Manganelli, F.; Fazio, R.; Briani, C.; Filosto, M.; Benedetti, L.; Mazzeo, A;
Marfia, G.A,; Cortese, A.; et al. Atypical CIDP: Diagnostic criteria, progression and treatment response. Data
from the Italian CIDP Database. J. Neurol. Neurosurg. Psychiatry 2019, 90, 125-132. [CrossRef]

6.  Prineas, ].W.; McLeod, ]J.G. Chronic relapsing polyneuritis. J. Neurol. Sci. 1976, 27, 427-458. [CrossRef]

7. Barohn, RJ.,; Kissel, J.T., Warmolts, J.R.; Mendell, J.R. Chronic inflammatory demyelinating
polyradiculoneuropathy. Clinical characteristics, course, and recommendations for diagnostic criteria.
Arch. Neurol. 1989, 46, 878-884. [CrossRef]

8.  Krendel, D.A; Parks, H.P.; Anthony, D.C.; St Clair, M.B.; Graham, D.G. Sural nerve biopsy in chronic
inflammatory demyelinating polyradiculoneuropathy. Muscle Nerve 1989, 12, 257-264. [CrossRef]

9.  Azulay, ].P; Pouget, J.; Pellissier, ]J.F.,; Blin, O.; Serratrice, G. [Chronic polyradiculoneuritis. 25 cases].
Rev. Neurol. (Paris) 1992, 148, 752-761.

10. Matsumuro, K.; Izumo, S.; Umehara, F.; Osame, M. Chronic inflammatory demyelinating polyneuropathy:
Histological and immunopathological studies on biopsied sural nerves. J. Neurol. Sci. 1994, 127, 170-178.
[CrossRef]

11. Gorson, K.C.; Allam, G.; Ropper, A.H. Chronic inflammatory demyelinating polyneuropathy: Clinical
features and response to treatment in 67 consecutive patients with and without a monoclonal gammopathy.
Neurology 1997, 48, 321-328. [CrossRef] [PubMed]

12. Rizzuto, N.; Morbin, M.; Cavallaro, T.; Ferrari, S.; Fallahi, M.; Galiazzo Rizzuto, S. Focal lesions area feature of
chronic inflammatory demyelinating polyneuropathy (CIDP). Acta Neuropathol. 1998, 96, 603-609. [CrossRef]
[PubMed]

13.  Bouchard, C.; Lacroix, C.; Planté, V.; Adams, D.; Chedru, E; Guglielmi, ].M.; Said, G. Clinicopathologic
findings and prognosis of chronic inflammatory demyelinating polyneuropathy. Neurology 1999, 52, 498-503.
[CrossRef] [PubMed]

14. Vallat, ].M.; Tabaraud, F.; Magy, L.; Torny, E; Bernet-Bernady, P.; Macian, F.; Couratier, P. Diagnostic value of
nerve biopsy for atypical chronic inflammatory demyelinating polyneuropathy: Evaluation of eight cases.
Muscle Nerve 2003, 27, 478-485. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1474-4422(10)70041-7
http://dx.doi.org/10.1111/j.1085-9489.2006.00061.x
http://dx.doi.org/10.1002/1097-4598(200103)24:3&lt;311::AID-MUS1001&gt;3.0.CO;2-A
http://dx.doi.org/10.1136/jnnp-2018-318714
http://dx.doi.org/10.1016/0022-510X(76)90213-6
http://dx.doi.org/10.1001/archneur.1989.00520440064022
http://dx.doi.org/10.1002/mus.880120402
http://dx.doi.org/10.1016/0022-510X(94)90070-1
http://dx.doi.org/10.1212/WNL.48.2.321
http://www.ncbi.nlm.nih.gov/pubmed/9040714
http://dx.doi.org/10.1007/s004010050941
http://www.ncbi.nlm.nih.gov/pubmed/9845290
http://dx.doi.org/10.1212/WNL.52.3.498
http://www.ncbi.nlm.nih.gov/pubmed/10025777
http://dx.doi.org/10.1002/mus.10348
http://www.ncbi.nlm.nih.gov/pubmed/12661050

Brain Sci. 2020, 10, 383 14 0f 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kulkarni, G.B.; Mahadevan, A.; Taly, A.B.; Nalini, A.; Shankar, S.K. Sural nerve biopsy in chronic inflammatory
demyelinating polyneuropathy: Are supportive pathologic criteria useful in diagnosis? Neurol. India 2010,
58, 542-548. [CrossRef]

Piccione, E.A.; Engelstad, J.; Dyck, PJ.; Mauermann, M.L.; Dispenzieri, A.; Dyck, PJ.B. Nerve pathologic
features differentiate POEMS syndrome from CIDP. Acta Neuropathol. Commun. 2016, 4, 116. [CrossRef]
Ikeda, S.; Koike, H.; Nishi, R.; Kawagashira, Y.; lijima, M.; Katsuno, M.; Sobue, G. Clinicopathological
characteristics of subtypes of chronic inflammatory demyelinating polyradiculoneuropathy. J. Neurol.
Neurosurg. Psychiatry 2019, 90, 988-996. [CrossRef]

Tatum, A.H. Experimental paraprotein neuropathy, demyelination by passive transfer of human IgM
anti-myelin-associated glycoprotein. Ann. Neurol. 1993, 33, 502-506. [CrossRef]

Querol, L; Illa, I. Paranodal and other autoantibodies in chronic inflammatory neuropathies.
Curr. Opin. Neurol. 2015, 28, 474-479. [CrossRef]

Joint Task Force of the EFNS and the PNS. European Federation of Neurological Societies/Peripheral
Nerve Society Guideline on management of chronic inflammatory demyelinating polyradiculoneuropathy:
Report of a joint task force of the European Federation of Neurological Societies and the Peripheral Nerve
Society—First Revision. Peripher. Nerv. Syst. 2010, 15, 1-9. [CrossRef]

Luigetti, M.; Di Paolantonio, A.; Bisogni, G.; Romano, A.; Conte, A.; Barbato, F.; Del Grande, A.; Madia, F;
Rossini, PM.; Lauretti, L.; et al. Sural nerve biopsy in peripheral neuropathies: 30-year experience from a
single center. Neurol. Sci. 2020, 41, 341-346. [CrossRef] [PubMed]

Dyck, PJ.; Prineas, J.; Pollard, ]J. Chronic inflammatory demyelinating polyradiculopathy. In Peripheral
Neuropathy; Dyck, PJ., Thomas, PX., Griffin, JW., Low, P.A., Poduslo, J.E,, Eds.; WB Saunders: Philadelphia,
PA, USA, 1993; pp. 1498-1517.

Prada, V.; Massucco, S.; Venturi, C.; Geroldi, A.; Bellone, E.; Mandich, P.; Minuto, M.; Varaldo, E.; Mancardi, G.;
Grandis, M.; et al. Diagnostic Value of Sural Nerve Biopsy: Retrospective Analysis of Clinical Cases From
1981 to 2017. Front. Neurol. 2019, 22, 1218. [CrossRef] [PubMed]

Vallat, ].M.; Mathis, S.; Vegezzi, E.; Richard, L.; Duchesne, M.; Gallouedec, G.; Corcia, P.; Magy, L.;
Uncini, A.; Devaux, J. Antibody- and macrophage-mediated segmental demyelination in chronic inflammatory
demyelinating polyneuropathy: Clinical, electrophysiological, immunological and pathological correlates.
Eur. J. Neurol. 2020, 27, 692-701. [CrossRef] [PubMed]

Uncini, A.; Notturno, F; Capasso, M. Natura non facit saltus in anti-ganglioside antibody-mediated
neuropathies. Muscle Nerve 2013, 48, 484-487. [CrossRef]

Uncini, A.; Sabatelli, M.; Mignogna, T.; Lugaresi, A.; Liguori, R.; Montagna, P. Chronic progressive steroid
responsive axonal polyneuropathy: A CIDP vaariant or a primary axonal disorder? Muscle Nerve 1996,
19, 365-371. [CrossRef]

Shang, P.; Zhu, M.; Wang, Y.; Zheng, X.; Wu, X,; Zhu, J.; Feng, J.; Zhang., H.L. Axonal variants of Guillain-Barré
syndrome: An update. J. Neurol. 2020. [CrossRef]

Tang, L.; Huang, Q.; Qin, Z.; Tang, X. Distinguish CIDP with autoantibody from that without autoantibody:
Pathogenesis, histopathology, and clinical features. J. Neurol. 2020. [CrossRef]

Vallat, ] M.; Magy, L.; Corcia, P.; Boulesteix, ].M.; Uncini, A.; Mathis, S. Ultrastructural Lesions of
Nodo-Paranodopathies in Peripheral Neuropathies. J. Neuropathol. Exp. Neurol. 2020, 79, 247-255.
[CrossRef]

Cortese, A.; Lombardi, R.; Briani, C.; Callegari, I.; Benedetti, L.; Manganelli, F.; Luigetti, M.; Ferrari, S.;
Clerici, A.M.; Marfia, G.A.; et al. Antibodies to neurofascin, contactin-1, and contactin-associated protein 1
in CIDP: Clinical relevance of IgG isotype. Neurol. Neuroimmunol. Neuroinflamm. 2019, 7, e639. [CrossRef]
Koike, H.; Kadoya, M.; Kaida, K.I; Ikeda, S.; Kawagashira, Y.; lijima, M.; Kato, D.; Ogata, H.; Yamasaki, R.;
Matsukawa, N.; et al. Paranodal dissection in chronic inflammatory demyelinating polyneuropathy with
anti-neurofascin-155 and anti-contactin-1 antibodies. ]. Neurol. Neurosurg. Psychiatry 2017, 88, 465-473.
[CrossRef]

Padua, L.; Granata, G.; Sabatelli, M.; Inghilleri, M.; Lucchetta, M.; Luigetti, M.; Coraci, D.; Martinoli, C.;
Briani, C. Heterogeneity of root and nerve ultrasound pattern in CIDP patients. Clin. Neurophysiol. 2014,
125, 160-165. [CrossRef] [PubMed]


http://dx.doi.org/10.4103/0028-3886.68673
http://dx.doi.org/10.1186/s40478-016-0389-1
http://dx.doi.org/10.1136/jnnp-2019-320741
http://dx.doi.org/10.1002/ana.410330514
http://dx.doi.org/10.1097/WCO.0000000000000233
http://dx.doi.org/10.1111/j.1529-8027.2010.00245.x
http://dx.doi.org/10.1007/s10072-019-04082-0
http://www.ncbi.nlm.nih.gov/pubmed/31650437
http://dx.doi.org/10.3389/fneur.2019.01218
http://www.ncbi.nlm.nih.gov/pubmed/31824401
http://dx.doi.org/10.1111/ene.14133
http://www.ncbi.nlm.nih.gov/pubmed/31769579
http://dx.doi.org/10.1002/mus.23881
http://dx.doi.org/10.1002/(SICI)1097-4598(199603)19:3&lt;365::AID-MUS14&gt;3.0.CO;2-R
http://dx.doi.org/10.1007/s00415-020-09742-2
http://dx.doi.org/10.1007/s00415-020-09823-2
http://dx.doi.org/10.1093/jnen/nlz134
http://dx.doi.org/10.1212/NXI.0000000000000639
http://dx.doi.org/10.1136/jnnp-2016-314895
http://dx.doi.org/10.1016/j.clinph.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/24099922

Brain Sci. 2020, 10, 383 150f 15

33.

34.

35.

36.

37.

Wu, E; Wang, W.; Zhao, Y,; Liu, B.; Wang, Y;; Yang, Y,; Ren, Y,; Liu, H. MR neurography of lumbosacral nerve
roots: Diagnostic value in chronic inflammatory demyelinating polyradiculoneuropathy and correlation
with electrophysiological parameters. Eur. J. Radiol. 2020, 124, 108816. [CrossRef] [PubMed]

Sabatelli, M.; Madia, F.,; Mignogna, T.; Lippi, G.; Quaranta, L.; Tonali, P. Pure motor chronic inflammatory
demyelinating polyneuropathy. J. Neurol. 2001, 248, 772-777. [CrossRef] [PubMed]

Pollard, J.D. Chronic inflammatory demyelinating polyradiculoneuropathy. Curr. Opin. Neurol. 2002,
3, 279-283. [CrossRef] [PubMed]

Sabatelli, M.; Mignogna, T.; Lippi, G.; Porcu, C.; Tonali, P. Intramyelinic edema in chronic inflammatory
demyelinating polyneuropathy. Clin. Neuropathol. 1996, 15, 17-21.

Ochoa, ].; Fowler, T.J.; Gilliatt, R.W. Anatomical changes in peripheral nerves compressed by a pneumatic
tourniquet. J. Anat. 1972, 113, 433-455.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ejrad.2020.108816
http://www.ncbi.nlm.nih.gov/pubmed/31923808
http://dx.doi.org/10.1007/s004150170093
http://www.ncbi.nlm.nih.gov/pubmed/11596782
http://dx.doi.org/10.1097/00019052-200206000-00009
http://www.ncbi.nlm.nih.gov/pubmed/12045725
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients 
	Nerve Biopsy 
	Statistical Analysis 
	Ethics 

	Results 
	Clinical Results 
	Pathological Results 

	Discussion 
	Conclusions 
	References

