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Abstract. Nerve biopsy is a valuable tool 
in the diagnostic work-up of peripheral neu-
ropathies. Currently, major indications in-
clude interstitial pathologies such as suspect-
ed vasculitis and amyloidosis, atypical cases 
of inflammatory neuropathy and the differ-
ential diagnosis of hereditary neuropathies 
that cannot be specified otherwise. However, 
surgical removal of a piece of nerve causes a 
sensory deficit and – in some cases – chronic 
pain. Therefore, a nerve biopsy is usually 
performed only when other clinical, labora-
tory and electrophysiological methods have 
failed to clarify the cause of disease. The 
neuropathological work-up should include 
at least paraffin and resin semithin histol-
ogy using a panel of conventional and im-
munohistochemical stains. Cryostat section 
staining, teased fiber preparations, electron 
microscopy and molecular genetic analyses 
are potentially useful additional methods 
in a subset of cases. Being performed, pro-
cessed and read by experienced physicians 
and technicians nerve biopsies can provide 
important information relevant for clinical 
management.

Introduction

With a prevalence of 1 : 200 [1], periph-
eral neuropathies (PNP) encompass one of 
the largest disease groups among the neu-
rological disorders. The causes of PNP are 
manifold, including metabolic, inflammato-
ry, degenerative, toxic, hereditary, vascular, 
malnutritive, paraneoplastic and other pro-
cesses. Even though clinical history and ex-
amination combined with electrophysiologi-
cal and laboratory methods often uncover the 
cause of PNP, a substantial number of cases 

remain unsolved and stay without definite 
diagnosis after careful application of these 
methods. In such situations, nerve biopsies 
have been a method of choice for decades to 
classify PNPs and to find clues to uncover 
their etiology.

This short review is intended to provide 
a guide for practicing neuropathologists how 
to approach nerve biopsies. It is based on re-
cently published guidelines [2, 3], contem-
porary reviews [4, 5, 6], textbooks including 
[7, 8, 9, 10, 11], and the personal experience 
of its authors.

Indications

Defining indications for a nerve biopsy is 
beyond the scope of this neuropathological 
review. In our experience, and based on the 
results published by others, nerve biopsy can 
be diagnostically helpful and valuable as part 
of the therapeutic decision making process, 
especially if inflammation or other interstitial 
pathology such as vasculitis, granulomatous 
inflammation, amyloidosis or atypical CIDP 
is suspected [2, 3, 12]. In the usual clinical 
setting, the major rationale to perform a nerve 
biopsy is to gain information about therapeu-
tic options when inflammatory neuropathy is 
considered. For example, immunosuppres-
sive drugs can present a risk due to their side 
effects, or intravenous immunoglobulins are 
expensive. Nerve biopsies have also been 
found to be useful to detect pathological 
immunoglobulin deposits [1]. In addition, 
they can provide guidance in the differential 
diagnosis of hereditary neuropathies with 

Clinical Neuropathology, Vol. 31 – No. 1/2012 (7-23)	



Weis, Brandner, Lammens et al.	 8

atypical presentation or ambiguous genetic 
testing results, identify pathological features 
in the context of a suspected genetic condi-
tion, or detect an inflammatory component 
in hereditary neuropathies. In many cases, 
combined etiologies are uncovered by nerve 

biopsy analysis, including microangiopathic/
diabetic and inflammatory or hereditary and 
inflammatory, which is also helpful for clini-
cal management.

Prior to nerve biopsy, a complete clinical, 
electrophysiological and laboratory workup 

Figure 1.  Normal and basic pathological nerve biopsy findings. A: Sural nerve fascicle of a 65-year-old 
patient showing normal density and distribution of large and small myelinated nerve fibers. Semithin sec-
tion, toluidine blue. Scale bar = 80 µm. B: Diabetic neuropathy: Axonal neuropathy pattern with reduced 
myelinated nerve fiber density and clusters of regenerating nerve fibers (black arrows). Marked thickening 
of endoneurial blood vessel walls (white arrows) due to basal lamina reduplication and widening. Semithin 
section, toluidine blue. Scale bar = 50 µm. C: Rapidly progressive axonal neuropathy associated with 
acute nerve fiber breakdown. Arrows: macrophages containing myelin debris. Semithin section, toluidine 
blue. Scale bar = 15 µm. D: Demyelinating neuropathy (CMT1A). Schwann cell processes are forming 
onion bulbs around a myelinated (black arrow) and a non-myelinated axon. Semithin section, toluidine 
blue. Scale bar = 15 µm. E: Normal ultrastructural appearance of large and small myeunated, and unmy-
elinated (black arrows) nerve fibers. White arrows: retraction of the axon from the inner mesaxon, a fre-
quent artefact. EM. Scale bar = 3 µm. F: Loss of unmyelinated axons (A) associated with numerous 
Schwann cell processes ensheathing bundles of collagen fibers, so called empty collagen pockets. N = 
Schwann cell nucleus. EM. Scale bar = 2 µm.
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is mandatory. Nerve biopsies should only be 
performed by medical professionals experi-
enced in the procedure, and appropriate histo-
logical processing must be available. The po-
tential benefits for the patient must outweigh 
the discomfort of the biopsy procedure itself 
and the side effects including the sensory defi-
cit and in some cases chronic pain.

Sites

The specimen should be obtained from 
an affected nerve. Most neuropathies show 
distal accentuation. The sural nerve is purely 
sensory in more than 90% of patients and con-
tains only few motor fibers in the remaining 
patients [13]. Moreover, it is easily accessible 
to surgery and therefore most frequently cho-
sen for biopsy. It usually contains between 
5 and 10 nerve fascicles. In a large autopsy 
study, 3,300 – 8,000 myelinated and 10,500 – 
45,500 unmyelinated nerve fibers were found 
in subjects without history of disease or in-
gestion of drugs known to affect peripheral 
nerve [14]. However, it should be pointed out 
that it may not always be advisable to select 
the nerve that is most significantly affected 
in nerve conduction studies, as a terminally 
depleted nerve will be less informative than 
a nerve with a population of residual fibers.

Some groups published larger series of 
biopsies of other nerves including the super-
ficial peroneal nerve as fragments from the 
adjacent peroneus brevis muscle may be tak-
en during the same surgical procedure (see 
below: vascular changes). The superficial 
radial nerve may be chosen when symptoms 
predominate in the upper limbs. Obturator 
nerve biopsy is considered to be quite use-
ful to differentiate motor neuropathies and 
lower motor neuron diseases [15, 16].

In selected cases with suspected focal le-
sions, biopsies of larger, mixed sensory and 
motor nerves guided by MR imaging and/or 
sonography can be performed to detect and 
classify inflammation (focal neuritis), neo-
plasias (nerve sheath tumors, perineuriomas, 
neurolymphomatosis and others) and heredi-
tary hypertrophic neuropathies.

Surgical procedures

The nerve segment should be excised in-
flicting minimal mechanical injury. Squeez-

ing or stretching the nerve should be strictly 
avoided and excessive removal of fat or 
connective tissue should not be attempted. 
Nerve fibers are very sensitive to mechanical 
injury (Figure 6A, B). The proximal nerve 
cut should be performed first, as cutting the 
nerve often causes acute pain even under lo-
cal anesthesia. Instead, if no pain is report-
ed at all when the “nerve” is transsected, a 
blood vessel may have been mistaken for a 
nerve. Do not place the proximal stump of 
the dissected nerve immediately under the 
skin or even fix it to the skin by a suture, as 
this increases the likelihood of formation of a 
painful, irritable neuroma. Biopsy of the me-
dial sural nerve and fixation of the proximal 
stump in the gastrocnemic muscle has been 
suggested to reduce side effects such as per-
sistent pain and neuroma formation; in addi-
tion, this more proximal sural nerve biopsy 
is more easily combined with a gastrocnemic 
muscle biopsy [17].

Biopsy of just a few fascicles does not 
cause fewer complications or less sensory 
deficit than transecting the entire nerve, and 
a fascicular biopsy provides less tissue for 
analysis. This is especially important if fo-
cally accentuated lesions including inflam-
matory processes are looked for. Such foci 
are less likely to be detected if just a portion 
of the nerve is examined. Therefore, biopsy 
of the complete cross section of the nerve is 
recommended [18].

The recommended length of the biopsied 
nerve segment is 5 cm. Removal of a shorter 
segment will be diagnostically less useful or 
can hamper a proper analysis, but will leave 
an identical sensory deficit.

Neuropathological work-up

Immediately after removal the proximal 
1.5 – 2 cm piece of this segment should be 
frozen without fixation in isopentane cooled 
by liquid nitrogen. The distal 1.5 – 2 cm 
piece should be fixed in buffered 10% forma-
lin. The central piece should be fixed in 3.9% 
glutaraldehyde (e.g., Merck No. 104239) 
in 0.4 molar phosphate buffer, pH 7,6 (for 
1,000 ml: 7,176 g NaH2PO4 × H2O, Merck 
no. 106346, and 49.4 g Na2HPO4, Merck 
No. 106586) and thereafter incubated with 
1% osmium tetraoxide for epoxy resin em-
bedding and subsequent semithin cross and 
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longitudinal sectioning, electron microscopy 
and teased fiber preparation where indicated. 
Dividing the excised nerve segment this way 
is recommended because cryostat and paraf-
fin section morphology is less sensitive to 
cutting artifacts [10].

Formalin and glutaraldehyde fixation 
of nerve segments is essential, freezing an 
unfixed segment is optional, but recom-
mended. Frozen sections can be cut and 
stained immediately after biopsy for rapid 
initial screening, e.g., to confirm suspected 
vasculitis. In addition, cryostat sections can 
be used for immunohistochemistry in the 

case of antigens that are not detectable after 
paraffin embedding or to perform immuno-
fluorescence (see below). Finally, the frozen 
nerve segment may also be a good source 
for RNA and protein studies and, if a blood 
sample is not available, for DNA for mo-
lecular pathology, molecular genetics and 
biochemistry. Frozen material should be 
stored in a –80 °C freezer for studies which 
might be of therapeutic relevance, e.g., for 
the definition of subgroups with differential 
response to specific treatments that might 
come up in the future.

Figure 2.  Teased fiber studies. A: Separation of groups of nerve fibers at the start of the teasing proce-
dure. Scale bar = 100 µm. B: Individual teased fibers. Scale bar = 100 µm. C: Myelin breakdown (myelin 
spheres or ovoids; arrows) indicating nerve fiber breakdown in axonal neuropathy. Scale bar = 15 µm. D: 
Demyelinated nerve fiber segment (arrows). Scale bar = 15 µm. E: Hypermyelinated paranodal segment 
(black arrows), thinly remyelinated internode (white arrows) and enlarged node of Ranvier (arrowhead) in 
demyelinating neuropathy. Scale bar = 15 µm. F: Paranodal dysmyelination (focally folded myelin, FFM; 
arrows) in demyelinating neuropathy. Scale bar = 10 µm.
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Cut-up and sectioning

The formalin-fixed nerve segment is dis-
sected in 2 – 4 pieces which are arranged 
transversely and longitudinally in a paraffin 
block to cut sections of 3 – 4 µm thickness. 
Serial sectioning of 3 – 4 levels or alterna-
tively 30 consecutive sections is recom-
mended if an inflammatory, especially a vas-
culitic neuropathy is suspected, but has not 

been detected in the initial sections. It is also 
recommended to archive unused unstained 
sections, especially if only very little tissue 
is left in the paraffin block, as they may be-
come useful for additional stains.

Tinctorial stains

The recommended stains include H&E, 
Congo red, and Turnbull or Pearl’s (Prus-

Figure 3.  A: Endoneurial infiltration by numerous mononuclear inflammatory cells (arrows) in Guillain-
Barré syndrome (GBS). H&E. Scale bar = 80 µm. B: Endoneurial cluster of CD8 immunoreactive cytotoxic 
T cells in chronic inflammatory demyelinating neuropathy, CIDP. Scale bar = 70 µm. C: Endoneurial clus-
ters of CD68 immunoreactive macrophages in CIDP. Scale bar = 70 µm. D: Acute inflammatory infiltration 
of a small epineurial artery associated with fibrinoid necrosis (arrows) in vasculitic neuropathy. Semithin 
section, toluidine blue. Scale bar = 50 µm. E: Residual state after inflammatory lesion and occlusion of a 
small epineurial artery. The elastic lamina is irregular and focally interrupted. Arrows: small recanalizing 
vessels. Semithin section, toluidine blue. Scale bar = 40 µm. F: Perivascular epineurial hemosiderin de-
posits (blue) in chronic vasculitis. Turnbull blue. Scale bar = 100 µm.
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sian blue) for iron depositions. Thioflavin 
S or T for more sensitive amyloid detection 
(requires fluorescence microscope), Gomori 
trichrome, Ladewig, elastica van Gieson, 
and myelin stains such as luxol fast blue 
are optional. Immunohistochemical stains 
for myelin and axonal (neurofilament) pro-
teins provide an alternative to conventional 
myelin and axon stains. However, semithin 
section resin histology (see below) is always 

preferable over paraffin section histology 
and immunohistochemistry for myelin and 
axon staining.

Immunohistochemistry

Immunohistochemistry on paraffin sections 
should encompass at least LCA (CD45RO, pan 
leukocyte), CD3 (pan-T cells), and CD8 (cy-
totoxic T cells). Further optional stains in-

Figure 4.  A: Tuberculoid leprosy: replacement of endoneurial structures by chronic lymphocytic infiltrates 
and granulomata (arrows). H&E. Scale bar = 120 µm. B: Acid-fast bacilli (red) in lepromatous leprosy. 
Wade-Fite stain. Scale bar = 25 µm. C: Widening of the spaces between the external myelin lamellae in 
monoclonal gammopathy. Immunohistochemistry had proven that these lesions were caused by IGG de-
position in this case. EM. D: Endoneurial extracellular IGM deposits (asterisks) in a case of polyneuropathy 
associated with Waldenström’s disease. The specificity has been controlled by immuno EM. SC = Schwann 
cell. EM. Scale bar = 0.5 µm. E: Subperineurial amyloid deposits stained with Congo red (arrow) in amyloid 
neuropathy. Scale bar = 50 µm. F: Another endoneurial amyloid deposit in the same case, now stained with 
thioflavin S (bright green). Scale bar = 60 µm.
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clude CD4 (T helper) and CD20 (B cells), 
smooth muscle antigen (SMA) to detect ves-
sel wall alterations due to vasculitis as well 
as neurofilament and PGP9.5 to stain axons, 
immunoglobulin and light chain antibod-
ies, transthyretin, EMA (for cells with peri-
neurial differentiation) and S100 (Schwann 
cells). Myelin Basic Protein (e.g., antibody 
SMI94) is more specific for myelin sheaths 
than tinctorial myelin stains and will give a 
significantly better signal to noise ratio, in 
particular if only very few, small myelinated 
fibers are preserved. Immunofluorescence of 
frozen sections is an alternative to conven-
tional immunohistochemistry of paraffin sec-
tions mainly to detect deposits of abnormal 
immunoglobulins either in the endoneurial 
space or in myelin sheaths. The same tech-
nique can be useful to immunolabel amyloid 
deposits formed by light chain or transthyre-
tin. The specific types of endoneurial lym-
phocyte infiltration may be also confirmed 
by immunohistochemical examination of 
frozen sections. Most laboratories, however, 

prefer paraffin section immunohistochemis-
try for the latter purpose.

Semithin resin cross and 
longitudinal sections

Semithin resin cross and longitudinal sec-
tions are essential, because they provide a 
much more comprehensive and detailed pic-
ture with higher resolution and morphological 
accuracy of the relevant structures including 
axons and myelin sheaths than paraffin sec-
tions. Toluidine blue and methylene blue-
azure II give better contrast and allow for the 
detection of metachromatic material, but fade 
more easily over the years than the brown 
paraphenylendiamine stain. The longitudinal 
semithin sections facilitate analysis of the 
nodes of Ranvier and of adjacent internodes.

Teased fiber preparations

Teased fiber preparations (Figure 2) are 
laborious and can be hard to obtain con-

Figure 5.  A: Enlarged myelinated (black arrow) and unmyelinated (white arrow) axons in giant axon neu-
ropathy. Semithin section, toluidine blue. Scale bar = 15 µm. B: Tomaculous fiber (arrow) in hereditary 
neuropathy with liability to pressure palsy (HNPP). Semithin section, toluidine blue. Scale bar = 20 µm. C: 
Excessive myelin outfoldings in a case of CMT4C. EM. Scale bar = 2 µm. D: Abnormal connections and 
branching of Schwann cell processes of unmyelinated axons in another case of CMT4C. EM. Scale bar = 
2 µm.
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Figure 6.  A: “Toothpaste” artefact. Compression of the nerve biopsy specimen leads to removal of myelin 
in sector “a”, mimicking myelinated nerve fiber loss, and “hypermyelination” in sector “b”. Dotted white line: 
level of the cross section depicted in B. Semithin section, toluidine blue. Scale bar = 40 µm. B: Cross sec-
tion of a nerve fascicle that was crushed during surgical removal. The cross section is obtained from an 
area corresponding to the dotted line in A. Arrow: “Pseudo-tomaculous” fiber showing artificial hypermy-
elination. Semithin section, toluidine blue. Scale bar = 25 µm. C: Nerve fascicle containing several subperi-
neurial Renaut bodies (black arrows). Note that many large nerve fibers especially in the vicinity of the 
Renaut bodies show disproportionately thin myelin sheaths most likely due to chronic compression. Semi-
thin section, toluidine blue. Scale bar = 40 µm. D: Skin punch biopsy section from a patient with neuropa-
thy. PGP 9.5 and Cy3 immunohistochemistry. Note bead-like enlargements along the intraepidermal nerve 
fibers (arrows) and focal swellings (arrowheads). Scale bar = 15 µm. E: Complete loss of epidermal nerve 
fibers in a skin punch biopsy of a patient with neuropathy. Remnants of the subepidermal nerve plexus are 
marked by arrowheads. PGP 9.5 and Cy3 immunohistochemistry. Scale bar = 20 µm. F: Normal skin in-
nervation. The fascicles of the subepidermal nerve plexus (arrowheads) give rise to intraepidermal nerve 
fibers (arrows). PGP 9.5 and Cy3 immunohistochemistry. Scale bar = 30 µm.
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sidering the restricted number of technical 
personnel in most laboratories. However, if 
done adequately on a sufficient number of 
nerve fibers (~100) they provide valuable 
information on the extent and progression 
of fiber degeneration, and may demonstrate 
regeneration as well as axonal atrophy, axo-
nal swellings, de- and remyelination and 
tomacula [3, 7]. Longitudinal semithin sec-
tions may provide a good although not per-
fect alternative to teased fiber preparations.

Transmission electron 
microscopy (TEM)

Transmission electron microscopy 
(TEM) of ultrathin sections contrast-en-
hanced with uranyl acetate and lead citrate 
are important for the detection of changes 
of unmyelinated fibers including denervated 
Remak bundles, so-called collagen pockets 
(non-myelinating Schwann cells ensheath-
ing bundles of collagen fibers instead of 
axons) (Figure 1F), and abnormal processes 
of non-myelinating Schwann cells, as found 
in CMT4C (Figure 5D). Such changes can-
not be examined with any other method. In 
addition, TEM may demonstrate other im-
portant features which can be hard to detect 
by light microscopy such as uncompacted/
decompacted (Figure 4C) or focally folded 
myelin (Figure 5C), macrophage-mediated 
demyelination, subtle immunoglobulin and 
amyloid deposits (Figure 4D) or pathologi-
cal inclusions as found in metachromatic 
leukodystrophy, adrenomyeloneuropathy or 
amiodarone intoxication.

Morphometry

Morphometry is used to precisely deter-
mine the extent of nerve fiber loss and of 
axonal vs. myelin sheath degeneration [19]. 
It is not in regular use in routine diagnostics, 
but often necessary in scientific studies on 
human biopsies and animal models.

Results of nerve biopsies should be dis-
cussed with the clinicians in the context of the 
clinical, laboratory and electrophysiological 
findings. Difficult cases can be referred to a 
reference center, e.g., the Reference Center 
for Neuromuscular Diseases of the German 
Society of Neuropathology and Neuroanato-
my (DGNN; http://www.neuromuskulaeres-

referenzzentrum.dgnn.rwth-aachen.de/in-
dex.html; head: J. Weis, Aachen, Germany), 
the Neuromuscular Center at UCL Institute 
of Neurology (S. Brandner) or the National 
Reference Center: “Rare peripheral neuropa-
thies”, University Hospital, Limoges, France 
(J.-M. Vallat), for a second opinion and fur-
ther study.

Many laboratories keep sections, tissues 
and files of nerve biopsy cases indefinitely. 
Quite often, this material can be helpful after 
years and even decades, for instance for the 
patient him/herself or for his/her relatives in 
the context of genetic analyses as well as for 
scientific studies.

Combined nerve and muscle biopsies can 
be obtained by the same skin incision, but 
in separate pieces. The chance to detect in-
flammatory changes, in particular vasculitis, 
is significantly higher in a combined biopsy 
compared to either nerve or muscle biopsy 
alone [20]. In addition, other disorders that 
can affect both nerve and muscle such as 
amyloidosis or certain hereditary diseases in-
cluding neuropathy and myopathy due to dy-
namin 2 mutation [21] are more likely to be 
detected. Finally, in motor neuron diseases a 
discrepancy between the severe, often rapid-
ly progressive neurogenic muscular atrophy 
and the mildly affected or even normal-ap-
pearing sural nerve is detected.

Skin biopsy

Biopsies of the skin are used to examine 
the various nerve fiber populations of the 
epidermis and the dermis, in particular the 
small, unmyelinated epidermal nerve fibers. 
3 – 4 mm punch biopsies are obtained usu-
ally at the standard location 10 cm proximal 
to the lateral malleolus and at the proximal 
thigh and fixed in Zamboni solution or buff-
ered paraformaldehyde. 40 – 50 µm cryostat 
sections are stained immunohistochemi-
cally using a PGP9.5 antibody to examine 
epidermal nerve fiber density and morphol-
ogy, density of the subepidermal plexus and 
sweat gland innervation (Figure 6C, D, E). 
The most frequent indication for neurologi-
cal skin biopsy is suspected small fiber neu-
ropathy. This disorder is hard to detect in su-
ral nerve biopsies, because, even though this 
nerve is located rather distally, it does not 
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contain the most distal nerve fiber endings. 
Moreover, analysis of the unmyelinated nerve 
fiber population in the sural nerve requires 
electron microscopy, which is not available in 
every lab. Furthermore, inclusion of a proxi-
mal biopsy gives valuable information on 
whether the neuropathy is length-dependent 
or not, and immunohistochemistry for inflam-
matory cells may be used as an additional tool 
to detect vasculitis [22]. Finally, skin punch 
biopsy is – of course – less invasive than sural 
nerve biopsy and can be repeated for follow-
up studies, e.g., in pharmaceutical or other 
therapeutic trials. For the analysis, it is impor-
tant to strictly adhere to internationally agreed 
counting methods and compare the results 
with age matched controls, as there is consid-
erable age- and sex-matched variation [23].

Pitfalls

–– In up to 4% of cases, a blood vessel, 
usually a vein, is mistaken for the sural 
nerve and biopsied. More frequently, the 
biopsied nerve segment is mechanically 
damaged due to inadequate handling of 
the biopsy during removal (see above). 
Other frequent handling artefacts include 
shrinkage due to hyperosmolar fixative or 
freezing the nerve prior to or after fixa-
tion. The latter mistake has to be avoided 
especially in the context of combined 
muscle/nerve biopsies. Do not place any 
fixed tissue, neither muscle nor nerve, 
into the styrofoam box together with the 
fresh frozen tissue. Do not tape the tubes 
with the fixed tissue to the styrofoam box 
containing dry ice such that leaking cold 
temperature can freeze the tubes.

–– As mentioned above, glutaraldehyde 
fixation is required for plastic embed-
ding and subsequent semithin and ultra-
thin sections. If the entire nerve biopsy 
is immediately placed in formalin or in a 
mixture of formalin and glutaraldehyde, 
fixation will be suboptimal for semithin 
sections and electron microscopy. In case 
of fixation with a mixture of formalin and 
glutaraldehyde, the formalin more quick-
ly penetrates the tissue which means that 
essentially a formalin fixation with glu-
taraldehyde post-fixation takes place, re-
sulting in severe artefacts such as myelin 
splitting. In addition, glutaraldehyde-
fixed tissue is less suitable for most im-
munohistochemical stains. This is due to 
the stronger denaturing properties of glu-
taraldehyde resulting in antigen masking.

–– Keep in mind that myelin sheaths do not 
reach their full thickness until age 15 [24] 
and that nerve fiber degeneration and re-
generation as well as de- and remyelin-
ation can occur more frequently in sub-
jects above the age of 60 years [14].

–– Do not mistake Renaut bodies (Figure 
6C), a sequel of chronic compression in-
jury (see below), for nerve infarcts.

–– In most cases, when nerve biopsy materi-
al is forwarded to a more specialized lab-
oratory it is usually sufficient to send just 
glutaraldehyde and formalin-fixed tissue 
initially. This can be sent by normal sur-
face mail at normal temperature. Express 
delivery or cooling is not necessary.

What to look for 
in a nerve biopsy

Features to be described in any nerve bi-
opsy report are listed in Table 1.

Vascular changes

Microangiopathy is among the most fre-
quent alterations observed in nerve biopsies. 
Typically, the endothelia are hyperplastic and 
the basal laminae of endo- and epineurial 
blood vessels are thickened and reduplicated 
(Figure 1B). Such changes are often found in 
the context of diabetic neuropathy [25, 26], 
but can also be found in non-diabetic patients, 

Table 1.  Features to be described routinely in a nerve biopsy report.

Status of the epineurium including blood vessels
Alterations of the perineurium (thickening, fibrosis, calcification)
Endoneurial edema
Density of large and small myelinated nerve fibers
Extent of axonal degeneration and atrophy
Frequency of bands of Büngner and macrophages containing myelin debris
Number of macrophage clusters (CD68 staining)
Regeneration clusters
Demyelinated/remyelinated fibers
Onion bulb formations
Inflammatory infiltrates
Presence/absence of amyloid
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possibly preceding manifest diabetes melli-
tus. Atherosclerosis of small epineurial arter-
ies is present quite frequently and typically is 
more prevalent in biopsies of elderly patients 
or in patients with a history of hypertension, 
whereas media calcification (Mönckeberg’s 
sclerosis) is a rare finding of unclear signifi-
cance. The granular osmiophilic deposits of 
cerebral autosomal dominant angiopathy with 
subcortical infarcts and leukoencephalopathy 
(CADASIL) can be detected in sural nerve 
biopsies by EM [27]; however, skin biopsy 
is usually sufficient to detect these changes.

Inflammatory alterations

Guillain-Barré syndrome (GBS) is char-
acterized by multifocal and randomly dis-
tributed juxtanodal areas of demyelination 
accompanied by focally accentuated lympho-
cytic infiltration of the endoneurium (Figure 
3A) and endoneurial edema. Sural nerve bi-
opsy is rarely performed in such patients, 
because the diagnosis is made with sufficient 
certainty in most cases based on clinical, elec-
trophysiological and CSF findings in most 
cases. Chronic neuritis (chronic inflammatory 
demyelinating neuropathy, CIDP, or chronic 
inflammatory axonal neuropathy, CIAP) is 
more often diagnosed by nerve biopsy, espe-
cially in atypical cases [28]. In chronic neu-
ritis, endoneurial edema, endoneurial mac-
rophage clusters [29] as well as increased 
numbers of CD8-immunoreactive cytotoxic T 
lymphocytes (Figure 3B, C) are found [30]. 
However, these changes are not specific for 
chronic neuritis, as they can, for example, also 
be present in peripheral nerve vasculitis. The 
detection of active macrophage-mediated de-
myelination pathognomonic for an acquired 
demyelinating neuropathy often requires elec-
tron microscopy.

Suspected vasculitis, often in the context 
of connective tissue disease, multiple mono-
neuropathy or progressive axonal neuropa-
thy is the most frequent indication for nerve 
biopsy. Involvement of the PNS in systemic 
vasculitis is infrequent, but selective vascu-
litis of peripheral nerve blood vessels can 
occur. Non-systemic vasculitic neuropathy 
[31] is a treatable PNP that, up to date, can 
only be diagnosed by nerve biopsy, although 
inflammatory infiltrates in muscle and skin 

may support the diagnosis. Vasculitis is de-
fined by inflammatory infiltrates leading to 
vessel wall necrosis (Figure 3D). Vessel wall 
necrosis may be accompanied by hemor-
rhage into the vessel wall and/or thrombo-
sis. It often follows the pattern of unspecific 
lymphocytic angiitis, which is frequently 
found in systemic connective tissue diseases 
such as rheumatoid arthritis. A minor reac-
tive lymphocytic infiltration of the wall of an 
epineurial blood vessel or of the perivascular 
tissue does not qualify for the diagnosis of a 
vasculitis. However, detection of such a mi-
nor infiltration should prompt further analy-
sis of the biopsy by serial sections stained 
immunohistochemically (LCA, CD3, CD8, 
CD68). Serial sections should also be ana-
lyzed if inflammatory infiltrates are absent in 
the initial sections of a biopsy if the clinical 
data are suggestive of a PNS vasculitis.

If perivascular lymphocytic cuffing or 
infiltration or moderate infiltration of blood 
vessel walls is accompanied only by active, 
focally accentuated or fascicular nerve fiber 
loss, but no vessel wall necrosis, the terms 
“non-necrotizing vasculitis” or “probable 
vasculitis” can be used [32, 33]. Organized 
vascular occlusion with recanalization (Fig-
ure 3E), organized hemorrhage detected by 
iron stains (Figure 3F), and focal prolifera-
tion of small vessels are additional signs of 
non-florid vasculitis.

In some cases, peripheral nerve vasculi-
tis can be classified as panarteritis nodosa, 
characterized by florid infiltration by lym-
phocytes and granulocytes affecting small 
arteries, often accompanied by fibrinoid ne-
crosis (Figure 3D), or microscopic polyangi-
itis, which also targets arterioles and venules. 
Peripheral nerves can be involved in Churg-
Strauss syndrome (CSS) and other special 
rheumatological disorders such as Sjögren’s 
syndrome. As mentioned above, combined 
nerve and muscle biopsy may improve the 
diagnostic yield in the detection of definite 
vasculitis [20].

Sarcoidosis

The typical non-caseating granulomatous 
lesions of sarcoidosis are usually found in the 
epineurium. Chronic necrotizing vasculitis in 
the absence of granulomas can be present in 
other cases of sarcoidosis. The inflammatory 
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infiltration is mainly associated with axonal 
neuropathy; only rarely a predominant de-
myelinating pattern is seen [34]. Again, com-
bining nerve biopsy with muscle biopsy may 
increase the chance of detecting the pathog-
nomonic lesions [34]. Small fiber neuropathy 
is a frequent complication of sarcoidosis and 
can be diagnosed by skin biopsy [35].

Infectious disorders

Borreliosis also leads to lymphocytic 
infiltration of epineurial blood vessel walls 
associated with perineurial thickening and fi-
brosis and axonal neuropathy. A characteris-
tic pattern of perineurial TNF-α, C5b-9, and 
ICAM-1 expression has been found in sural 
nerve biopsies of borreliosis patients [36].

HIV infection can cause a non-inflamma-
tory, mostly sensory neuropathy [37] which 
can also be caused by antiretroviral therapy. 
In addition, GBS or chronic neuritis/CIDP 
type neuropathy as well as chronic necro-
tizing PNS vasculitis leading to a multiplex 
mononeuropathy can occur in conjunction 
with HIV infection [38]. Other viral infec-
tion, especially with hepatitis C, can be asso-
ciated with necrotizing PNS vasculitis [32].

Leprosy is one of the most frequent neu-
romuscular diseases worldwide with a high 
prevalence, for example, in Brazil or India. 
Histological diagnosis is important, which is 
often achieved by skin biopsy, but frequently 
also requires nerve biopsy. Lepromatous lep-
rosy is characterized by chronic inflammatory 
infiltrates with masses of acid-fast bacilli in 
histiocytes (Figure 4A) which can occur in 
any compartment of the nerve; in contrast, 
bacilli are only rarely detected in the granulo-
matous lesions of tuberculoid leprosy (Figure 
4B) [5]. Painful chronic inflammatory neurop-
athy associated with histologically detectable 
acid-fast bacilli has been observed in leprosy 
patients even after multidrug therapy [39].

Neuropathies linked to 
a monoclonal gammopathy

A link between the PNP and the mono-
clonal dysglobulinemia has to be established 
and a coincidental association has to be elim-
inated. Different mechanisms can be detected 

by nerve biopsy and an exact mechanism has 
to be established to discuss a specific treat-
ment. Otherwise, if such patients are treated, 
neurotoxic lesions which may be induced by 
cytostatic drugs (see below) also have to be 
excluded.

The nerve lesions may be due to endo-
neurial deposits of immunoglobulins. IgM 
with anti-MAG (myelin associated glycopro-
tein) activity usually induces deposits in the 
myelin sheaths which can be detected spe-
cifically by immunofluorescence and which 
correspond to characteristic widenings of the 
space between myelin lamellae at the ultra-
structural level [40] (Figure 4C). Actually, 
nerve biopsy is now rarely indicated if anti-
MAG antibodies are significantly elevated in 
the serum of the patient. If there is an IgG 
or IgA monoclonal dysglobulinemia, direct 
immunofluorescence may rarely demon-
strate annular bindings to many myelinated 
fibers, corresponding to IgA or IgG depos-
its. Immunoglobulin deposits of any kind 
(IgG, IgA or IgM) in the interstitial tissue 
can only be demonstrated by nerve biopsy 
[41]. In practice, it may be difficult to iden-
tify such deposits using paraffin sections, as 
they are usually scarce. Moreover, immuno-
cytochemistry often fails to demonstrate im-
munoglobulin deposits in paraffin-embedded 
samples. If they are big enough, they can be 
seen by immunofluorescence on frozen sec-
tions; if they are small, electron microscopy 
(Figure 4D) has to be used.

In POEMS syndrome, specific immu-
nocytochemistry study of myelinated fibers 
and of the endoneurium may be negative but 
electron microscopy can disclose uncom-
pacted myelin lamellae (UML) which are 
characteristic features of this condition and 
may be visible in about 10% of the persisting 
myelinated fibers [42].

Amyloidoses

Both primary (AL) amyloidosis due to 
immunoglobulin light chain deposition and 
familial ATTR amyloidosis due to trans-
thyretin mutations often affect the periph-
eral nerve. For the histological diagnosis, the 
Congo red stain can be used as a screening 
method (Figure 4E). However, Congo red 
is much less sensitive than the Thioflavin S 
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(Figure 4F) or T fluorescent stains. Amyloid 
deposits can also be detected in toluidine-
blue stained semithin sections. They are of-
ten focally distributed; therefore, serial sec-
tions of multiple blocks should be searched 
for deposits in case amyloid neuropathy 
is suspected. Suspicion can be raised both 
based on clinical grounds and on the typical 
histological pattern of severe nerve fiber loss 
with predominant involvement of the small 
myelinated as well as unmyelinated nerve 
fibers. In some cases, EM can be helpful to 
detect or verify amyloid deposition.

Immunohistochemistry with antibodies 
against transthyretin, amyloid A component, 
immunoglobulin and light chain antibod-
ies can be used to type amyloid deposits. 
Recently, luminescent-conjugated polymer 
spectroscopy has been introduced as a new 
method to characterize amyloid deposits in 
histological sections [43].

Toxic neuropathies

Alcoholic neuropathy is characterized 
by an axonal loss which predominantly af-
fects small nerve fibers; in contrast, the axo-
nal neuropathy due to thiamine deficiency 
has been reported to affect mainly large fi-
bers [44]. In chronic alcoholic neuropathy 
clusters of regenerating nerve fibers may be 
found in large numbers.

Cytostatic drugs frequently lead to se-
vere neuropathy. In fact, neuropathy is often 
a dose-limiting side effect. Taxol, vincristine 
and cisplatin induce predominantly axonal 
neuropathy. Other drugs, such as amioda-
rone and chloroquine, cause predominantly 
demyelinating neuropathy with characteris-
tic inclusions which can be detected by EM.

Neuropathies associated with 
neoplasias

Paraneoplastic neuropathy in patients 
with solid tumours such as small-cell lung 
cancer is often associated with autoantibod-
ies including anti-Hu or anti-CV2 and leads 
to rapid nerve fiber breakdown with numer-
ous myelin ovoids (Figure 2C). Bands of 
Büngner and endoneurial macrophages are 
frequently encountered. Clusters of regener-

ating nerve fibers are rare, in line with the 
severe type of injury due to lymphocytic 
infiltration of the dorsal root ganglia and 
multifocal microvasculitic infiltration of the 
nerves [45].

Direct infiltration of peripheral nerves by 
carcinomas is a common feature of advanced 
tumor progression; however, it is only rarely 
encountered in nerve biopsies performed in 
the context of peripheral neuropathy. On the 
other hand, diffuse infiltration of peripheral 
nerves by malignant lymphomas is rather 
common and may involve the sural nerve. 
Spread of the lymphoma to the peripheral 
nerves (neurolymphomatosis) may even oc-
cur early in the course of the disease, thus 
mimicking neuritis [46].

Neoplasms of the peripheral nerves 
such as schwannomas, neurofibromas and 
malignant peripheral nerve sheath tumors 
(MPNSTs) often occur as solitary lesions not 
involving the sural nerve. However, heredi-
tary tumor syndromes, in particular neurofi-
bromatosis (NF) 1 and 2, may affect the PNS 
in a more diffuse manner: NF1 with subcu-
taneous and large root diffuse neurofibromas 
can be associated with peripheral neuropathy 
[47], whereas NF2 is characterized by dis-
seminated abnormal endoneurial Schwann 
cell proliferations, so called tumorlets [48].

Hereditary neuropathies

Today, a definite diagnosis of straight-
forward hereditary neuropathy cases is of-
ten established by molecular genetic testing. 
However, nerve biopsies are still performed 
if hereditary NP is ascertained by clinical 
and family history, but analyses of the most 
common genes did not yield a diagnosis. In 
such cases, the nerve biopsy findings can 
help to narrow down the potential disease 
gene. Moreover, morphological patterns sug-
gestive of a hereditary neuropathy are often 
found by chance in nerve biopsies from pa-
tients with seemingly sporadic neuropathy.

Mutations in more than 50 genes have 
been identified so far that lead to hereditary 
sensory and motor and hereditary sensory and 
autonomic neuropathy (HSMN and HSAN, 
respectively). A comprehensive description 
of the vast landscape of alterations found in 
nerve biopsies in these disorders is beyond 
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the scope of the present review. Briefly, spe-
cial features of predominantly demyelinating 
hereditary neuropathies include focal my-
elin thickenings (tomacula (Figure 5B) most 
frequently found in hereditary neuropathy 
with liability to pressure palsy, HNPP, due to 
PMP22 gene duplication), focally folded my-
elin (FFM (Figures 2F, 5C) mainly in reces-
sive demyelinating CMTs such as CMT4B2 
due to frabin/SBF2 mutation [49]), abnormal 
myelin compaction [50], and basal lamina 
onion bulbs as well as abnormal processes of 
Schwann cells of unmyelinated nerve fibers 
(Figure 5D) and node of Ranvier widening as 
seen in CMT4C [51]. Onion bulb formations 
consisting of surplus Schwann cell processes 
and Schwann cell basal laminae are a char-
acteristic feature of chronic hereditary demy-
elinating neuropathy, such as CMT1A and B 
(Figure 1D), but can also be found in CIDP.

The genetic basis of most hereditary 
axonal neuropathies remains to be defined. 
Therefore, matching typical axonal altera-
tions with certain mutations is still difficult. 
At present, mitofusin 2 mutations appear to 
be a relatively frequent cause of axonal CMT. 
In sural nerve biopsies of such cases promi-
nent intraaxonal aggregates of organelles in-
cluding enlarged mitochondria that show an 
abnormal structure are detected by EM [52]. 
Mutations in the neurofilament light chain 
(NEFL) gene lead to ultrastructural altera-
tions of the axonal cytoskeleton [53].

NEFL mutations can even cause promi-
nent swellings of axons, which are visible by 
light microscopy [53] and similar to the large 
focal axonal distensions found in giant axon 
neuropathy (Figure 5A) due to gigaxonin 
mutation [54, 55]. Giant axonal neuropathy 
affects both the PNS and the CNS. Another 
disorder that involves both PNS and CNS 
nerve fibers (as well as skeletal muscle) is 
polyglucosan body disease [56, 57, 58]. It is 
caused by mutations in the glycogen branch-
ing enzyme 1 (GBE1). In peripheral nerves, 
polyglucosan bodies are typically found in 
axons. Solitary intraaxonal polyglucosan 
bodies can be detected as an unspecific, ap-
parently age-related finding in sural nerve 
biopsies of patients with various types of 
neuropathy [59].

The PNS is frequently involved in vari-
ous lipidoses [4]. For instance, characteristic 
inclusions are observed in Fabry’s disease 

(concentric lamellar inclusions in perineu-
rial and endothelial cells as well as Schwann 
cells [60], metachromatic leukodystrophy 
(prismatic and lamellar, herringbone-like in-
clusions in Schwann cells and macrophages 
[61]), and adrenoleukodystrophy (lamel-
lar inclusions and trilaminar leaflets [62]). 
Nowadays, a specific gene mutation has been 
linked to many of these disorders; therefore 
molecular biology may be considered as a di-
agnostic procedure preceding nerve biopsy.

Compression injury

Chronic nerve compression leads to fi-
brosis of the epi-, peri- and endoneurium, 
endoneurial edema, de- and remyelination 
and axonal loss. Endoneurial deposits of mu-
coid substance are frequently encountered. 
Renaut bodies (Figure 6C) are composed of 
sparse, concentrically arranged, elongated 
fibroblast-like cells surrounded by ample 
mucoid extracellular matrix that contains 
precursors of elastic fibers [63]. These struc-
tures are usually found in a subperineurial 
location and are frequent at sites of chronic 
nerve compression, i.e., in the median nerve 
within the carpal tunnel. They are often pres-
ent in the sural nerve and should not be mis-
taken for organized nerve infarcts.

Combinations of different causes 
of neuropathy

In the clinical context, it can be particu-
larly helpful to find evidence for two or more 
causes of peripheral neuropathy in a given 
nerve biopsy. Combinations of microangio-
pathic/prediabetic neuropathy with inflam-
matory or toxic neuropathy are frequent 
especially in older patients. Hereditary neu-
ropathy with concomitant neuritis is another 
important issue in this context [64, 65, 66].

Conclusions and outlook

In conclusion, nerve biopsy provides 
valuable information that contributes to the 
classification and differential diagnosis of 
neuropathies and helps to characterize their 
extent and course. Nerve biopsy is particu-
larly important and useful for the diagnosis 
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of non-hereditary, in particular inflammatory 
neuropathies. Seemingly sporadic neuropa-
thies may be assigned to a hereditary dis-
order, and in cases of ambiguous molecular 
genetic findings, a nerve biopsy can provide 
clues towards the pathogenic gene mutation 
or at least highlight a possible cause and 
mechanisms for the neuropathy. With the ad-
vent of next generation sequencing, ambigu-
ous genetic testing results are expected to 
become more frequent. Nerve biopsy analy-
sis including studies on RNA and protein 
extracted from the tissue may become more 
useful to determine which gene alterations or 
combinations thereof caused the phenotype. 
Finally, scientific nerve biopsy analysis has 
contributed greatly to our understanding of 
peripheral neuropathies. Combined with new 
molecular genetic and cell biology methods 
and in conjunction with the examination of 
the ever growing number of animal models it 
will continue to contribute informative find-
ings in the future.

Acknowledgments

This study was supported in part by 
the German Research Council (DFG; WE 
1406/13-1) and the IZKF Aachen (N5-3). We 
thank Mrs. L. Eshuis, Mrs. A. Knischewski, 
Mrs. H. Wiederholt, Mrs. C. Krude, Mrs. E. 
Beck and Mrs. H. Mader for technical sup-
port.

References
[1]	 MacDonald BK, Cockerell OC, Sander JW, Shorvon 

SD. The incidence and lifetime prevalence of neuro-
logical disorders in a prospective community-based 
study in the UK. Brain. 2000; 123: 665-676. 
doi:10.1093/brain/123.4.665 PubMed

[2]	 Sommer C, Brandner S, Dyck PJ, Magy L, Mell-
gren SI, Morbin M, Schenone A, Tan E, Weis J; 
ENMC. 147th ENMC international workshop: 
guideline on processing and evaluation of sural 
nerve biopsies, 15 – 17 December 2006, Naarden, 
The Netherlands. Neuromuscul Disord. 2008; 18: 
90-96. doi:10.1016/j.nmd.2007.08.010 PubMed

[3]	 Sommer CL, Brandner S, Dyck PJ, Harati Y, LaC-
roix C, Lammens M, Magy L, Mellgren SI, Morbin 
M, Navarro C, Powell HC, Schenone AE, Tan E, 
Urtizberea A, Weis J; Peripheral Nerve Society. 
Peripheral Nerve Society Guideline on processing 
and evaluation of nerve biopsies. J Peripher Nerv 
Syst. 2010; 15: 164-175. doi:10.1111/j.1529-8027.​
20​10.00276.x PubMed

[4]	 Vallat JM, Funalot B, Magy L. Nerve biopsy: re-
quirements for diagnosis and clinical value. Acta 
Neuropathol. 2011; 121: 313-326. doi:10.1007/
s00401-011-0804-4 PubMed

[5]	 Vallat JM, Vital A, Magy L, Martin-Negrier ML, 
Vital C. An update on nerve biopsy. J Neuropathol 
Exp Neurol. 2009; 68: 833-844. doi:10.1097/
NEN.0b013e3181af2b9c PubMed

[6]	 Mellgren SI, Lindal S. Nerve biopsy – some com-
ments on procedures and indications. Acta Neurol 
Scand Suppl. 2011; 124: 64-70. doi:10.1111/j.1​60​
0-​0404.2011.01546.x PubMed

[7]	 Dyck PJ, Thomas PK. Peripheral Neuropathy. 
Philadelphia: Elsevier Saunders; 2005.

[8]	 Midroni G, Bilbao JM. Biopsy diagnosis of pe-
ripheral neuropathy. Newton, MA: Butterworth-
Heinemann; 1995.

[9]	 Schröder JM. Pathologie peripherer Nerven. In: 
Seifert G (ed). Spezielle pathologische Anatomie. 
Berlin: Springer; 1999. p. 275-281.

[10]	 Oh SJ. Color atlas of nerve biopsy pathology. 
Boca Raton: CRC Press; 2001.

[11]	 Vital C, Vallat JM. Ultrastructural study of the hu-
man diseased peripheral nerve. New York: Else-
vier; 1987.

[12]	 Burns TM, Mauermann ML. The evaluation of 
polyneuropathies. Neurology. 2011; 76 (Suppl 2): 
S6-S13. doi:10.1212/WNL.0b013e31820c3622 
PubMed

[13]	 Amoiridis G, Schöls L, Ameridis N, Przuntek H. 
Motor fibers in the sural nerve of humans. Neurol-
ogy. 1997; 49: 1725-1728. PubMed

[14]	 Jacobs JM, Love S. Qualitative and quantitative 
morphology of human sural nerve at different 
ages. Brain. 1985; 108: 897-924. doi:10.1093/
brain/108.4.897 PubMed

[15]	 Riva N, Iannaccone S, Corbo M, Casellato C, 
Sferrazza B, Lazzerini A, Scarlato M, Cerri F, 
Previtali SC, Nobile-Orazio E, Comi G, Quattrini 
A. Motor nerve biopsy: clinical usefulness and 
histopathological criteria. Ann Neurol. 2011; 69: 
197-201. doi:10.1002/ana.22110 PubMed

[16]	 Corbo M, Abouzahr MK, Latov N, Iannaccone S, 
Quattrini A, Nemni R, Canal N, Hays AP. Motor 
nerve biopsy studies in motor neuropathy and mo-
tor neuron disease. Muscle Nerve. 1997; 20: 15-21. 
doi:10.1002/(SICI)1097-4598(199701)20:1 < 
15::AID-MUS2 > 3.0.CO;2-K PubMed

[17]	 Ducic I, West J. A modified approach to sural 
nerve biopsy: minimizing complications. Ann 
Plast Surg. 2009; 62: 220-222. doi:10.1097/
SAP.0b013e31817e9c8d PubMed

[18]	 Pollock M, Nukada H, Taylor P, Donaldson I, 
Carroll G. Comparison between fascicular and 
whole sural nerve biopsy. Ann Neurol. 1983; 13: 
65-68. doi:10.1002/ana.410130114 PubMed

[19]	 Schröder JM, Hoheneck M, Weis J, Deist H. Eth-
ylene oxide polyneuropathy: clinical follow-up 
study with morphometric and electron microscop-
ic findings in a sural nerve biopsy. J Neurol. 1985; 
232: 83-90. PubMed doi:10.1007/BF00313906

[20]	 Vital C, Vital A, Canron MH, Jaffré A, Viallard JF, 
Ragnaud JM, Brechenmacher C, Lagueny A. 
Combined nerve and muscle biopsy in the diagno-
sis of vasculitic neuropathy. A 16-year retrospec-
tive study of 202 cases. J Peripher Nerv Syst. 
2006; 11: 20-29. doi:10.1111/j.1085-9​489.20​06.0​
00​60.x PubMed



Weis, Brandner, Lammens et al.	 22

[21]	 Jeub M, Bitoun M, Guicheney P, Kappes-Horn K, 
Strach K, Druschky KF, Weis J, Fischer D. Dyna-
min 2-related centronuclear myopathy: clinical, 
histological and genetic aspects of further patients 
and review of the literature. Clin Neuropathol. 
2008; 27: 430-438. PubMed

[22]	 Uçeyler N, Devigili G, Toyka KV, Sommer C. Skin 
biopsy as an additional diagnostic tool in non-
systemic vasculitic neuropathy. Acta Neuro-
pathol. 2010; 120: 109-116. doi:10.1007/s00401-
010-0662-5 PubMed

[23]	 Lauria G, Bakkers M, Schmitz C, Lombardi R, 
Penza P, Devigili G, Smith AG, Hsieh ST, Mellgren 
SI, Umapathi T, Ziegler D, Faber CG, Merkies IS. 
Intraepidermal nerve fiber density at the distal leg: 
a worldwide normative reference study. J Peripher 
Nerv Syst. 2010; 15: 202-207. 
doi:10.1111/j.1529-8027.2010.00271.x PubMed

[24]	 Schröder JM, Bohl J, Brodda K. Changes of the 
ratio between myelin thickness and axon diameter 
in the human developing sural nerve. Acta Neuro-
pathol. 1978; 43: 169-178. PubMed doi:10.1007/
BF00685012

[25]	 Malik RA, Tesfaye S, Newrick PG, Walker D, 
Rajbhandari SM, Siddique I, Sharma AK, Boulton 
AJ, King RH, Thomas PK, Ward JD. Sural 
nerve pathology in diabetic patients with mini-
mal but progressive neuropathy. Diabetologia. 
2005; 48: 578-585. doi:10.1007/s00125-004-
1663-5 PubMed

[26]	 Malik RA, Veves A, Masson EA, Sharma AK, Ah-See 
AK, Schady W, Lye RH, Boulton AJ. Endoneurial 
capillary abnormalities in mild human diabetic 
neuropathy. J Neurol Neurosurg Psychiatry. 1992; 
55: 557-561. doi:10.1136/jnnp.55.7.557 PubMed

[27]	 Schröder JM, Züchner S, Dichgans M, Nagy Z, 
Molnar MJ. Peripheral nerve and skeletal muscle 
involvement in CADASIL. Acta Neuropathol. 
2005; 110: 587-599. doi:10.1007/s00401-005-
1082-9 PubMed

[28]	 Vallat JM, Tabaraud F, Magy L, Torny F, Bernet-
Bernady P, Macian F, Couratier P. Diagnostic val-
ue of nerve biopsy for atypical chronic inflamma-
tory demyelinating polyneuropathy: evaluation of 
eight cases. Muscle Nerve. 2003; 27: 478-485. 
doi:10.1002/mus.10348 PubMed

[29]	 Sommer C, Koch S, Lammens M, Gabreels-Festen 
A, Stoll G, Toyka KV. Macrophage clustering as a 
diagnostic marker in sural nerve biopsies of pa-
tients with CIDP. Neurology. 2005; 65: 1924-1929. 
doi:10.1212/01.wnl.0000188879.19900.b7 
PubMed

[30]	 Matsumuro K, Izumo S, Umehara F, Osame M. 
Chronic inflammatory demyelinating polyneu-
ropathy: histological and immunopathological 
studies on biopsied sural nerves. J Neurol Sci. 
1994; 127: 170-178. doi:10.1016/0022-510X​(9​
4)90070-1 PubMed

[31]	 Collins MP, Dyck PJ, Gronseth GS, Guillevin L, 
Hadden RD, Heuss D, Léger JM, Notermans NC, 
Pollard JD, Said G, Sobue G, Vrancken AF, Kissel 
JT; Peripheral Nerve Society. Peripheral Nerve So-
ciety Guideline on the classification, diagnosis, in-
vestigation, and immunosuppressive therapy of 
non-systemic vasculitic neuropathy: executive 
summary. J Peripher Nerv Syst. 2010; 15: 176-184. 
doi:10.1111/j.1529-8027.2010.00281.x PubMed

[32]	 Seo JH, Ryan HF, Claussen GC, Thomas TD, Oh 
SJ. Sensory neuropathy in vasculitis: a clinical, 
pathologic, and electrophysiologic study. Neurol-
ogy. 2004; 63: 874-878. PubMed

[33]	 Bennett DL, Groves M, Blake J, Holton JL, King 
RH, Orrell RW, Ginsberg L, Reilly MM. The use 
of nerve and muscle biopsy in the diagnosis of 
vasculitis: a 5 year retrospective study. J Neurol 
Neurosurg Psychiatry. 2008; 79: 1376-1381. 
doi:10.1136/jnnp.2008.151126 PubMed

[34]	 Vital A, Lagueny A, Ferrer X, Louiset P, Canron 
MH, Vital C. Sarcoid neuropathy: clinico-patho-
logical study of 4 new cases and review of the 
literature. Clin Neuropathol. 2008; 27: 96-105. 
PubMed

[35]	 Hoitsma E, Marziniak M, Faber CG, Reulen JP, 
Sommer C, De Baets M, Drent M. Small fibre 
neuropathy in sarcoidosis. Lancet. 2002; 359: 
2085-2086. doi:10.1016/S0140-6736(02)08912-
2 PubMed

[36]	 Schäfers M, Neukirchen S, Toyka KV, Sommer C. 
Diagnostic value of sural nerve biopsy in patients 
with suspected Borrelia neuropathy. J Peripher 
Nerv Syst. 2008; 13: 81-91. doi:10.11​11/j.​1529-
8027.2008.00161.x PubMed

[37]	 Fuller GN, Jacobs JM, Guiloff RJ. Subclinical pe-
ripheral nerve involvement in AIDS: an electro-
physiological and pathological study. J Neurol 
Neurosurg Psychiatry. 1991; 54: 318-324. 
doi:10.1136/jnnp.54.4.318 PubMed

[38]	 Bradley WG, Verma A. Painful vasculitic neurop-
athy in HIV-1 infection: relief of pain with predni-
sone therapy. Neurology. 1996; 47: 1446-1451. 
PubMed

[39]	 Lund C, Koskinen M, Suneetha S, Lockwood DN, 
Haanpää M, Haapasalo H, Hietaharju A. Histo-
pathological and clinical findings in leprosy pa-
tients with chronic neuropathic pain: a study from 
Hyderabad, India. Lepr Rev. 2007; 78: 369-380. 
PubMed

[40]	 Kawagashira Y, Koike H, Tomita M, Morozumi S, 
Iijima M, Nakamura T, Katsuno M, Tanaka F, So-
bue G. Morphological progression of myelin ab-
normalities in IgM-monoclonal gammopathy of 
undetermined significance anti-myelin-associated 
glycoprotein neuropathy. J Neuropathol Exp Neu-
rol. 2010; 69: 1143-1157. doi:10.1097/NEN.0b​01​
3​e3181fa44af PubMed

[41]	 Vallat JM, Magy L, Richard L, Piaser M, Sindou 
P, Calvo J, Ghorab K, Cros D. Intranervous im-
munoglobulin deposits: an underestimated mech-
anism of neuropathy. Muscle Nerve. 2008; 38: 
904-911. doi:10.1002/mus.21057 PubMed

[42]	 Vital C, Vital A, Ferrer X, Viallard JF, Pellegrin 
JL, Bouillot S, Larrieu JM, Lequen L, Larrieu JL, 
Brechenmacher C, Petry KG, Lagueny A. Crow-
Fukase (POEMS) syndrome: a study of peripheral 
nerve biopsy in five new cases. J Peripher Nerv 
Syst. 2003; 8: 136-144. doi:10.1046/j.1529-​802​7.​
2003.03019.x PubMed

[43]	 Nilsson KP, Ikenberg K, Aslund A, Fransson S, 
Konradsson P, Röcken C, Moch H, Aguzzi A. 
Structural typing of systemic amyloidoses by lu-
minescent-conjugated polymer spectroscopy. Am 
J Pathol. 2010; 176: 563-574. doi:10.2353/aj-
path.2010.080797 PubMed

[44]	 Koike H, Iijima M, Sugiura M, Mori K, Hattori N, 
Ito H, Hirayama M, Sobue G. Alcoholic neuropa-



Processing nerve biopsies	 23

thy is clinicopathologically distinct from thia-
mine-deficiency neuropathy. Ann Neurol. 2003; 
54: 19-29. doi:10.1002/ana.10550 PubMed

[45]	 Oh SJ, Gürtekin Y, Dropcho EJ, King P, Claussen 
GC. Anti-Hu antibody neuropathy: a clinical, 
electrophysiological, and pathological study. Clin 
Neurophysiol. 2005; 116: 28-34. doi:10.1016/j.
clinph.2004.07.012 PubMed

[46]	 Urban PP, Kaczmarek E, Wellach I, Brüning R, 
Brüllke N, Schulte C, Knop K, Weis J. Neurolym-
phomatosis. Subacute sensorimotor polyneuropa-
thy as a first sign of non-Hodgkin’s B cell lym-
phoma. Nervenarzt. 2008; 79: 699-702. PubMed 
doi:10.1007/s00115-008-2456-8

[47]	 Drouet A, Wolkenstein P, Lefaucheur JP, Pinson S, 
Combemale P, Gherardi RK, Brugières P, Salama 
J, Ehre P, Decq P, Créange A. Neurofibromatosis 
1-associated neuropathies: a reappraisal. Brain. 
2004; 127: 1993-2009. doi:10.1093/brain/awh234 
PubMed

[48]	 Sperfeld AD, Hein C, Schröder JM, Ludolph AC, 
Hanemann CO. Occurrence and characterization 
of peripheral nerve involvement in neurofibroma-
tosis type 2. Brain. 2002; 125: 996-1004. 
doi:10.1093/brain/awf115 PubMed

[49]	 Stendel C, Roos A, Deconinck T, Pereira J, Cast-
agner F, Niemann A, Kirschner J, Korinthenberg 
R, Ketelsen UP, Battaloglu E, Parman Y, Nichol-
son G, Ouvrier R, Seeger J, De Jonghe P, Weis J, 
Krüttgen A, Rudnik-Schöneborn S, Bergmann C, 
Suter U et al. Peripheral nerve demyelination 
caused by a mutant Rho GTPase guanine nucleo-
tide exchange factor, frabin/FGD4. Am J Hum 
Genet. 2007; 81: 158-164. doi:10.1086/518770 
PubMed

[50]	 Vallat JM, Magy L, Lagrange E, Sturtz F, Magde
laine C, Grid D, Tazir M. Diagnostic value of 
ultrastructural nerve examination in Charcot-
Marie-Tooth disease: two CMT 1B cases with 
pseudo-recessive inheritance. Acta Neuropathol. 
2007; 113: 443-449. doi:10.1007/s00401-007-
0196-7 PubMed

[51]	 Arnaud E, Zenker J, de Preux Charles AS, Stendel 
C, Roos A, Médard JJ, Tricaud N, Kleine H, 
Luscher B, Weis J, Suter U, Senderek J, Chrast R. 
SH3TC2/KIAA1985 protein is required for prop-
er myelination and the integrity of the node of 
Ranvier in the peripheral nervous system. Proc 
Natl Acad Sci USA. 2009; 106: 17528-17533. 
doi:10.1073/pnas.0905523106 PubMed

[52]	 Verhoeven K, Claeys KG, Züchner S, Schröder 
JM, Weis J, Ceuterick C, Jordanova A, Nelis E, De 
Vriendt E, Van Hul M, Seeman P, Mazanec R, Saifi 
GM, Szigeti K, Mancias P, Butler IJ, Kochanski A, 
Ryniewicz B, De Bleecker J, Van den Bergh P et al. 
MFN2 mutation distribution and genotype/pheno-
type correlation in Charcot-Marie-Tooth type 2. 
Brain. 2006; 129: 2093-2102. doi:10.1093/brain/
awl126 PubMed

[53]	 Fabrizi GM, Cavallaro T, Angiari C, Cabrini I, 
Taioli F, Malerba G, Bertolasi L, Rizzuto N. Char-
cot-Marie-Tooth disease type 2E, a disorder of the 
cytoskeleton. Brain. 2007; 130: 394-403. 
doi:10.1093/brain/awl284 PubMed

[54]	 Bruno C, Bertini E, Federico A, Tonoli E, Lispi 
ML, Cassandrini D, Pedemonte M, Santorelli FM, 
Filocamo M, Dotti MT, Schenone A, Malandrini 
A, Minetti C. Clinical and molecular findings in 

patients with giant axonal neuropathy (GAN). 
Neurology. 2004; 62: 13-16. PubMed

[55]	 Houlden H, Groves M, Miedzybrodzka Z, Roper 
H, Willis T, Winer J, Cole G, Reilly MM. New mu-
tations, genotype phenotype studies and manifest-
ing carriers in giant axonal neuropathy. J Neurol 
Neurosurg Psychiatry. 2007; 78: 1267-1270. 
doi:10.1136/jnnp.2007.118968 PubMed

[56]	 Nolte KW, Janecke AR, Vorgerd M, Weis J, 
Schröder JM. Congenital type IV glycogenosis: 
the spectrum of pleomorphic polyglucosan bodies 
in muscle, nerve, and spinal cord with two novel 
mutations in the GBE1 gene. Acta Neuropathol. 
2008; 116: 491-506. doi:10.1007/s00401-008-
0417-8 PubMed

[57]	 Weis J, Schröder JM. Adult polyglucosan body 
myopathy with subclinical peripheral neuropathy: 
case report and review of diseases associated with 
polyglucosan body accumulation. Clin Neuro-
pathol. 1988; 7: 271-279. PubMed

[58]	 Berkhoff M, Weis J, Schroth G, Sturzenegger M. 
Extensive white-matter changes in case of adult 
polyglucosan body disease. Neuroradiology. 
2001; 43: 234-236. doi:10.1007/s002340000425 
PubMed

[59]	 Busard HL, Gabreëls-Festen AA, van ’t Hof MA, 
Renier WO, Gabreëls FJ. Polyglucosan bodies in 
sural nerve biopsies. Acta Neuropathol. 1990; 80: 
554-557. PubMed doi:10.1007/BF00294618

[60]	 Toyooka K, Said G. Nerve biopsy findings in 
hemizygous and heterozygous patients with Fab-
ry’s disease. J Neurol. 1997; 244: 464-468. 
doi:10.1007/s004150050125 PubMed

[61]	 Fressinaud C, Vallat JM, Masson M, Jauberteau 
MO, Baumann N, Hugon J. Adult-onset meta-
chromatic leukodystrophy presenting as isolated 
peripheral neuropathy. Neurology. 1992; 42: 
1396-1398. PubMed

[62]	 Schröder JM, Mayer M, Weis J. Mitochondrial 
abnormalities and intrafamilial variability of sural 
nerve biopsy findings in adrenomyeloneuropathy. 
Acta Neuropathol. 1996; 92: 64-69. doi:10.1007/
s004010050490 PubMed

[63]	 Weis J, Alexianu ME, Heide G, Schröder JM. Re-
naut bodies contain elastic fiber components. J 
Neuropathol Exp Neurol. 1993; 52: 444-451. 
doi:10.1097/00005072-199309000-00002 PubMed

[64]	 Igarashi M, Thompson EI, Rivera GK. Vincristine 
neuropathy in type I and type II Charcot-Marie-
Tooth disease (hereditary motor sensory neuropa-
thy). Med Pediatr Oncol. 1995; 25: 113-116. 
doi:10.1002/mpo.2950250212 PubMed

[65]	 Hildebrandt G, Holler E, Woenkhaus M, Quarch 
G, Reichle A, Schalke B, Andreesen R. Acute dete-
rioration of Charcot-Marie-Tooth disease IA 
(CMT IA) following 2 mg of vincristine chemo-
therapy. Ann Oncol. 2000; 11: 743-747. 
doi:10.1023/A:1008369315240 PubMed

[66]	 Korn-Lubetzki I, Argov Z, Raas-Rothschild A, 
Wirguin I, Steiner I. Family with inflammatory de-
myelinating polyneuropathy and the HNPP 17p12 
deletion. Am J Med Genet. 2002; 113: 275-278. 
doi:10.1002/ajmg.10725 PubMed


