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1  |   INTRODUCTION

From a clinical viewpoint, perineural invasion (PNI) is a 
well-recognized phenotype involving nerves in cancer,1 
and is associated with poor prognosis in multiple cancers. 
Consequently, cancers with PNI are treated more aggres-
sively than tumors without PNI.1,2 This role in treatment 
selection emphasizes the importance of recognizing PNI in 
cancer. PNI is currently defined as nerves invaded by tumor 
cells or in close proximity to tumor, provided that at least 
33% of the nerve circumference is surrounded by tumor.2 
However, the definition of PNI has been debated for many 

decades with continued challenges, and there is variability 
between pathologists in interpretation of PNI.3–5 Many fac-
tors contribute to the variability in opinions among patholo-
gists when diagnosing PNI, including variation in histologic 
appearance of nerves in tissue sections and variable distance 
between tumor and nerve.5 The underlying confounding issue 
is that none of the proposed definitions of PNI has incorpo-
rated the rapidly evolving knowledge of the mechanism in-
volved. In part, this may be due to the challenge of translating 
complex biologic investigations into clinical practice. Our re-
cent study emphasized the importance of bridging this gap 
between biology and clinical practice.6 Our findings showed 
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Abstract
The density of nerves in cancer is emerging as a relevant clinical parameter for patient 
survival. Nerves in the tumor microenvironment have been associated with poor sur-
vival and recurrence, particularly if involved in perineural invasion. However, usu-
ally only a few nerves inside a tumor are affected by perineural invasion, while most 
nerves are not. Mechanistic studies have shown nerve-secreted factors promote tumor 
growth and invasion thereby making tumors more aggressive. Therefore, the overall 
number of nerves in the tumor microenvironment should be more representative of 
the nerve-tumor biological interaction than perineural invasion. This review summa-
rizes the available clinical information about nerve density as a measure of clinical 
outcome in cancer and explores the mechanisms underlying nerve density in cancer, 
specifically, neurogenesis, axonogenesis, and neurotropism.
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that proximity between cancer and nerves, even when nerves 
are “PNI-negative” according to current criteria, is associ-
ated with higher death rates of patients with head and neck 
cancer.6

Nerves are an important and previously understudied 
component of the tumor microenvironment. Despite the fact 
that PNI is not a perfect prognostic feature, the attention 
given to the biology of PNI over the last two decades has 
enhanced our understanding of neural regulation in the tumor 
microenvironment.7 This has led to exploration of other neu-
ral phenotypes that impact the clinical course of a tumor. Of 
importance, nerve density or neural infiltration in the tumor 
stroma has been associated with poor clinical outcomes. In 
this review, we will discuss and summarize the findings on 
nerve density as an assessment of patient outcomes in cancer, 
and the current understanding of the biologic basis for this 
link.

2  |   NEURAL INFILTRATION IN 
TUMORS

Nerve density is a measurement of nerve infiltration in a 
given tissue; the possible causes for neural infiltration are 
discussed in this section.

A nerve is a cord-like bundle of axons that function as 
a conduit for electrochemical impulses.8 Axons or nerve fi-
bers are neuronal projections that are enveloped by a myelin 

sheath or unmyelinated. Regardless of myelination, axons are 
wrapped in a connective tissue layer known as endoneurium. 
This layer contains nerve-supporting cells such as Schwann 
cells and their subtypes that are associated with unmyelinated 
and myelinated axons.9 Groups of axons, each surrounded by 
endoneurium, are encircled by another membrane, the peri-
neurium, to constitute a fascicle.10 Finally, several fascicles, 
wrapped by a protective layer called epineurium, form a typ-
ical peripheral nerve trunk (Figure 1). Histologically, nerves 
are observed as individual segments depending on plane of 
section and spatial orientation. These nerve segments contain 
one or a few nerve fibers, or one or many fascicles, depending 
on the size and branching pattern of the nerve.

The peripheral nervous system (PNS) consists of nerves, 
such as cranial and spinal nerves, outside the central nervous 
system. The PNS connects the central nervous system, com-
prised of the brain and spinal cord, to the rest of the body.8 
The PNS is divided into somatic and autonomic nervous sys-
tem. The somatic nervous system controls voluntary skeletal 
muscle to perform daily functions. It consists of afferent (sen-
sory) nerves which carry signals from the periphery toward 
the central nervous system, while efferent (motor) nerves 
transport signals from the central nervous system to the pe-
riphery.11 In contrast, the autonomic nervous system controls 
involuntary physiological functions of innervated organs and 
tissues except skeletal muscle. The autonomic nervous sys-
tem is comprised of the sympathetic, parasympathetic, and 
enteric nervous system.12 Sympathetic nerves originate from 

F I G U R E  1   Schematic of the histologic 
structure of a peripheral nerve [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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the lateral horn of the spinal cord while parasympathetic 
nerves arise from the brainstem (cranial nerves III, VII, IX, 
and X) and sacral spinal cord.

There are different explanations for the presence of nerves 
in tumor stroma: nerves are formed de novo or actively 
grow inside tumors, or tumors grow in proximity to exist-
ing nerves, incorporating them into stroma. Axonogenesis or 
axon morphogenesis is the growth of axonal projections from 
a neuronal cell.13 Also known as neurite outgrowth or neurite 
sprouting, axonogenesis in cancer is described both in vitro 
and in vivo.14–19

Neurogenesis, the formation of new neurons20 was demon-
strated in prostate cancer.16,21 In contrast, neurotropism is the 
ability to invade neural tissue.22 Neurotropic tumors grow to-
ward and ultimately invade pre-existing nerves, a phenotype 
known as perineural invasion. In this situation, tumor growth 
pattern, rather than axonogenesis or neurogenesis would 
cause an accumulation of nerves in the tumor stroma. It is 
likely that all three phenotypes, axonogenesis, neurogenesis, 
and neurotropism, contribute to the high nerve density in tu-
mors. The extent of involvement of each phenotype is influ-
enced by differences in tumor biology across distinct tumors. 
A summary of the mechanisms implicated in nerve density is 
presented in Table 1.

2.1  |  Axonogenesis

Early reports of tumor axonogenesis were inconclusive. 
While electron microscopy supports active nerve growth 
inside ocular adenomas,23 hepatocellular carcinomas have 
greater innervation in the capsule compared to tumor stroma; 
only preexisting portal tract innervation was observed in 
the latter, suggesting these tumors do not stimulate axono-
genesis.24 The discussion about whether tumor innervation 
is pre-existing or from newly formed terminals was fueled 
by the identification of nerves in exophytic urinary bladder 
tumors25; this suggests a remarkable capacity of the PNS to 
remodel and populate tumor stroma.

One of the mechanisms by which tumor cells regulate 
axonogenesis is through extracellular vesicles (exosomes). 
Most cells release vesicles that transport proteins and ge-
netic information to facilitate intercellular communica-
tion. Exosomes play critical roles in several early and late 
events associated with tumor development and metastasis. 
Exosomes from plasma and tumor of patients with head and 
neck squamous cell carcinoma (HNSCC) enhanced neurite 
outgrowth from PC-12 cells.14 This phenotype was also ob-
served with exosomes in a murine model of HNSCC, and 
was attenuated with exosome inhibitors.14 EphrinB1, an 
axonal guidance molecule, potentiated exosome-induced 
axonogenesis.14 Additionally, MicroRNAs (miRNAs), con-
tained within exosomes, may modulate neurite outgrowth. 

miRNAs are a class of non-coding RNAs that regulate gene 
expression, usually to prevent protein production. miRNA 
expression profiles are altered in specific tumors and may be 
involved in cancer development.26 Inhibition of miR-21 and 
miR-324 reduced axonogenesis in neurons of the trigeminal 
ganglia that were co-cultured with exosomes derived from 
miR34a-deficient/p53-null oral tumor cells. These findings 
show that miRNAs modulate the neural element within the 
tumor microenvironment.15

Cancer cells can release neurotrophins and axonal guidance 
molecules that increase neurite outgrowth. Neurotrophins are 
growth factors that stimulate neuron survival and differentia-
tion and control proliferation and migration in non-neuronal 
cells, including cancer cells.27 Prostate cancer cells produce 
and release a nerve growth factor precursor (proNGF) which 
can promote tumor innervation.19 Likewise, brain-derived 
neurotrophic factor (BDNF) and nerve growth factor (NGF), 
that are upregulated in cancer cells, increase nerve density 
through axonogenesis in pancreatic ductal adenocarcinoma18 
and in gastric cancer.17 Esophageal tumors with higher NGF 
expression were infiltrated by nerves more often than low 
NGF-expressing counterparts.28 These results suggest that 
nerve infiltration could be triggered by tumor-derived NGF. 
In contrast, semaphorins, a large family of extracellular sig-
naling proteins, modulate axonal guidance. Furthermore, they 
regulate angiogenesis, tumor growth, and metastatic dissem-
ination.29 Supernatant from co-cultures of DU145 cells and 
DRGs (dorsal root ganglia) (cancer cells and neurons), sig-
nificantly increased neurite sprouting of PC-12 (rat pheochro-
mocytoma cell line) and N1E-115 (mouse neuroblastoma cell 
line), suggesting a tumor-related axonogenesis.16 Interestingly, 
Semaphorin 4F (S4F) was overexpressed in DU145/ DRG 
co-culture samples. In addition, supernatant of DU145 cells 
infected with S4F retrovirus (DU145/S4F) increased neurite 
outgrowth in N1E-115 cells. In DU145/S4F cells, siRNA-
mediated inhibition of S4F abrogated this effect.16

2.2  |  Neurogenesis

Formation of new neurons from neural precursor cells was 
described in prostate cancer.21 Specimens from human pros-
tate cancer were stained with doublecortin (DCX), a marker 
of neuronal progenitors. High intratumoral density of DCX-
positive cells was significantly associated with tumor ag-
gressiveness. Furthermore, using a murine model, this study 
demonstrated that these cells migrate from the subventricular 
zone of the brain to the tumor, showing distant communica-
tion to recruit neurons necessary for tumor growth.21 Another 
study reported that total neurons in all prostatic ganglia and 
total area of those ganglia were increased in patients with 
prostate cancer compared to control patients, suggesting 
cancer-related neurogenesis.16
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2.3  |  Neurotropism

Neurotropism may be another explanation for intratu-
moral nerve density. In vitro and in vivo studies simulat-
ing PNI interactions have shown cancer cell migration 
toward nerves.30–32 In co-cultures of mouse DRGs with 
prostate cancer cells, neurites from DRGs migrated to-
ward cancer cells, and after physical contact, cancer cells 
migrated in the opposite direction toward DRGs, sug-
gesting that reciprocal attraction, and nerves guide pros-
tate cancer cells after physical interaction.32 Similarly, 
co-culture of human pancreatic cancer cells with DRG 
showed that Schwann cells guided cancer cells to migrate 
through nerve fibers to the DRG body/center in a contact-
dependent manner.31 An in vivo model of nerve-tumor 
interaction in which rat DRG and human oral cancer cells 
were grafted onto the chick embryo chorioallantoic mem-
brane (CAM),33 revealed that cancer cells overexpressing 
GALR2 (galanin receptor 2) were more invasive toward 
DRG than control cells; this effect was blocked by anti-
galanin antibody.30

Although we discuss these mechanisms independently, 
there is crosstalk between nerves and tumor cells, and 
many processes occur simultaneously building cancer-
related nerve networks that nurture the tumor microen-
vironment thereby regulating tumorigenesis and cancer 
dissemination. Since nerves and tumors have reciprocal 
attraction, and “nerve fibers without a function do not 
exist”,23 it is likely that nerves within a tumor are import-
ant for tumor biology. To illustrate the significance of 

nerves in innervated tissues, nerve-derived molecules such 
as NGF promote proliferation to increase limb length and 
regeneration speed in severed salamander limbs.34 In this 
regard, the impact of innervation on cancer growth was 
assessed with respect to tumor and nerve fiber type. Co-
culture of enteric primary neurons with a gastric organ-
oid model enhanced neuronal outgrowth (axonogenesis), 
and promoted tumor growth. A muscarinic receptor ago-
nist stimulated upregulation of gastric stem cell markers 
and Wnt genes; however, this effect was not detected with 
gastric organoids from type 3  muscarinic receptor (M3) 
knockout mice, suggesting that parasympathetic choliner-
gic nerves contribute to gastric tumorigenesis by activating 
M3-induced Wnt signaling.35 Similarly, parasympathetic 
cholinergic fibers promote tumor cell invasion, migration, 
and distant metastases via type 1 muscarinic receptors in 
an animal model of prostate cancer.36 In contrast, parasym-
pathetic nerves decelerate tumor progression in a murine 
breast cancer model.37 Sympathetic fibers acting via β2- 
and β3-adrenergic receptors promote prostate cancer cell 
survival36; increased nerve density promotes tumor growth 
via β2-adrenergic receptors in pancreatic ductal adenocar-
cinoma.18 Both parasympathetic and sympathetic signals 
may play a role in tumor development or progression; how-
ever, they may have contrasting effects in different tumors.

All the aforementioned findings indicate participation 
of nerves in tumor progression via diverse mechanisms, 
suggesting that quantifying nerves within tumors could be 
of greater importance than evaluating PNI for treatment se-
lection. Consequently, nerve density has been explored as a 

T A B L E  1   Mechanisms involved in intratumoral nerve density

Mechanism Findings References

Neurogenesis Migration of neurons from the subventricular zone of the brain to the tumor 
that can differentiate in adrenergic neo-neurons.

Higher density of neuronal progenitors (DCX-positive) cells in prostate 
tumors in human.

Mauffrey et al., 201921

Prostate cancer patients presented an increased number of neurons in all 
prostatic ganglia compared with control patients.

Ayala et al., 200816

Axonogenesis

Cancer-derived exosomes Exosomal microRNAs (miR-21 and miR-324) enhanced axonogenesis in 
trigeminal ganglia neurons.

Amit et al., 202015

Exosomes from plasma and tumor of HNSCC patients enhanced neurite 
outgrowth from PC-12 cells.

EphrinB1 increased exosome-induced axonogenesis. Madeo et al., 201814

Cancer-derived molecules Adrenergic signaling (β2-adrenergic receptors) increased neurotrophins 
which incremented sympathetic neurite outgrowth in pancreatic cancer.

Renz et al., 201818

NGF promoted cholinergic nerve growth in gastric tumor. Hayakawa et al., 201717

proNGF produced by prostate cancer cells (PC-3) induced PC12 and 50B11 
neuronal differentiation and axonogenesis.

Pundavela et al., 201419

Semaphorin 4F (S4F) contained in the supernatant of prostate cancer cells 
(DU145/S4F) induced more axonogenesis in N1E-115 cells.

Ayala et al., 200816
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measure of nerve infiltration in cancer and as a predictor of 
poor prognosis.

3  |   NERVE DENSITY

There are multiple definitions for nerve density with no ap-
parent consensus. Nerve density is often defined as the num-
ber of nerve segments (nerve trunks, nerve fascicles and/or 
individual nerve fibers) divided by the area analyzed, using 
tissue sections stained with immunohistochemistry 16,24,38–41 
or hematoxylin and eosin (H&E).15 Nerve density has also 
been defined as the area occupied by nerves divided by the 
total area analyzed.36,42–44 If nerve density is used to assess 
axonogenesis or neurogenesis, it should evaluate delicate 
nerve fibers instead of large nerve trunks or nerve fascicles. 
Conversely, if nerve trunks or large fascicles are assessed, 
nerve density likely reflects neurotropism. Therefore, the 
size of nerves evaluated will highlight a different aspect of 
nerve-tumor biology. However, all nerve-related phenotypes, 
including axonogenesis, neurogenesis, and neurotropism, are 
likely important for tumor biology, considering the various 
nerve-secreted factors that reach tumor cells.

There is considerable variation in methods to assess 
nerve density; these methods are summarized in Table  2 
and Figure 2. For example, nerves are counted in a varying 
number of observation fields in tissue microarrays 45 or in 
resection specimens.16,39,40 More subjectively, some studies 
evaluated nerve density by observation of the amount of im-
munohistochemical staining, dividing it into low, intermedi-
ate, or high density.46,47 Regarding the size of nerve segments 
included in the analysis of nerve density, some studies lim-
ited the analysis to nerve trunks <100 µm in diameter 48 or to 
nerves presenting 3 or more axons,49 with no clear rationale 
for the parameters used.

Exploratory studies that first showed axonogenesis inside 
tumor stroma used electron microscopy.23,25 Not surprisingly, 
many delicate nerve fibers visualized with electron micros-
copy are not seen with regular histologic preparations and im-
munohistochemistry for protein gene product 9.5 (PGP9.5), a 
universal nerve marker,25 imposing a problem for using im-
munohistochemistry to evaluate true axonogenesis. However, 
precise, electron microscopy is not cost- or time-effective for 
routine use in evaluation of clinical specimens. All subse-
quent clinical studies evaluating nerve density in tumors used 
light microscopy combined with various immunohistochem-
ical markers for nerves.

S100 protein is used as a nerve marker,16,24,48 alone or in 
combination with PGP9.5.16,48 Both proteins are generic nerve 
markers; while S100  stains for Schwann cells in the nerve 
sheath, PGP9.5 is supposedly a neuronal/neuroendocrine-
specific marker.50 PGP9.5 is the preferred nerve marker in 
studies evaluating nerve density, despite the fact that it stains 

tumors parenchyma in multiple cancers.47,51 Heavy (NF-H) 
and light (NF-L) neurofilaments, which are structural pro-
teins in neuronal cells, are popular in mouse studies with 
immunofluorescence.36,38,52 Pan-neurofilament is more spe-
cific than PGP9.5 in immunohistochemistry for nerve density 
in prostate cancer.47 Density of specific types of nerves is 
evaluated by markers such as tyrosine hydroxylase (TH) for 
sympathetic nerves,15,36,53 vesicular acetylcholine transporter 
(VAChT) for cholinergic/parasympathetic nerves,15,36,53 and 
calcitonin gene-related peptide (CGRP)38 or substance P49 
for sensory nerves.

Due to lack of specificity of nerve markers such as PGP9.5, 
careful morphologic examination of the tissue is necessary to 
separate nerves from non-specific signals, hindering the use 
of automated systems to quantify nerve area and number. The 
same is true for H&E stain. He et al.43 addressed this issue 
by using a combination of image deconvolution and segmen-
tation to separate tumor cells from stroma in order to single 
out nerve-derived PGP9.5  stain in the stroma from tumor-
associated PGP9.5 when calculating nerve density.

Another factor to consider when evaluating nerves in a 
tumor is the variability in morphological appearance of the 
nerve segments. Some studies showed that nerves within tu-
mors are larger than nerves in normal tissues.40,53,54 Another 
study showed that nerve size is comparable between chronic 
pancreatitis and pancreatic cancer, and that nerves are re-
duced in size when tumor stroma is desmoplastic.44 These 
size differences in nerves are taken into account when eval-
uating nerve density as a measurement of nerve area, but not 
when the number of nerves is evaluated independent of size.

Importantly, despite the large variation in assessment 
methods, nerve density has been mostly associated with poor 
patient outcomes, possibly reflecting the biology behind 
nerve-tumor interactions, that is, more nerves provide greater 
potential for interactions with cancer. In a similar way, tissue 
regeneration is dependent on nerve-secreted factors such as 
neuropeptides, neurotransmitters, growth factors, and mor-
phogens.55 Experimental denervation impairs tissue regener-
ation in various different organisms and tissues.55

4  |   CLINICAL RELEVANCE OF 
NERVE DENSITY IN CANCER

Nerve density was evaluated in many different cancers, es-
pecially those with a high incidence of PNI, such as pros-
tate, pancreatic, and head and neck cancers. A genetic study 
of pancreatic cancer in mice assessed nerve density during 
tumor development 38 and showed that nerve infiltration in 
tumors is associated with tumor growth. The density of sen-
sory CGRP-positive fibers and sympathetic TH-positive fib-
ers is increased with tumor progression and tumor-associated 
pain.38 Prostate cancer mouse xenografts show axonogenesis 
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T A B L E  2   Nerve density definitions and methods of assessment in cancer, organized by the type of nerve structure analyzed

Nerve density definition Disease Nerve IHC marker Exclusions Reference

1. Nerve fibers

Number of nerve fibers per 
1 mm2.

Liver cancer S100 None Terada & Matsunaga, 201124

Area of nerves per 1 cm2. Pancreatic cancer GAP43 None Gao et al., 201541

Area of nerve fibers per 
observation field.

Breast cancer TH, VAChT and NF-L None Kamiya et at., 201937

2. Nerve trunks/fascicles

Number of nerves/high power 
field

Pancreatic cancer S100 None Renz et al., 201818

Number of nerves per 
observation field.

Prostate cancer S100, TH and VAChT None Reeves et al., 201957

Number of nerves divided by the 
total area of tissue present on 
the slide.

Thyroid cancer PGP9.5 Nerves with less 
than 3 axon 
fibers

Rowe et al., 202049

3. Nerve fibers + nerve trunks/
fascicles

Number of nerves per 20 high 
power fields, grouped as 1) 
negative: no nerve fascicles 
or nerve fibers; 2) weak: 1 
to 10 nerve fascicles; and 3) 
moderate/strong: >10 nerves 
fascicles.

Breast cancer S100 and PGP9.5 Nerve trunks 
>100 µm in 
diameter

Zhao et al., 201448

4. Not specified if nerve fibers or 
nerve trunks/fascicles

Number of nerves per 10 mm2 
or average area of nerves per 
10 mm2.

Pancreatic cancer/
Diabetes Mellitus

PGP9.5 None Li et al., 201161

Area of stained nerves in nerve 
hotspot areas.

Prostate cancer PGP9.5 None Ayala et al., 200816

Nerve density: Number of nerve 
fibers per 1 mm2.

Pancreatic cancer PGP9.5 None Ceyhan et al., 201040

Undefined. Pancreatic cancer TH and VAChT None Ceyhan et al., 200953

Number of nerves per high 
power field as 0, 1–20 or >20 
nerves.

Colorectal cancer PGP9.5 None Albo et al., 201164

Area of nerves per observation 
field.

Prostate cancer TH, VAChT, NF-L, 
NF-H

None Magnon et al., 201336

Expression of 
immunohistochemistry stain 
(automated measurement).

Prostate cancer PGP9.5 None Olar et al., 201445

“Low and high expression of 
PGP9.5 were defined with 
respect to the median of the 
volume density of PGP9.5.”

Gastric cancer PGP9.5 None Zhao et al., 201435

Area of nerves per total tissue 
area.

Liver cancer PGP9.5 None Wang et al., 201542

Pixel area of nerves Pancreatic cancer PGP9.5 None He at al., 201643

(Continues)
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Nerve density definition Disease Nerve IHC marker Exclusions Reference

Cases were classified as low 
expressing or high expressing 
TH or VAChT based on 
observation.

Liver cancer TH and VAChT None Zhang et al., 201746

Neural density: sum of the nerve 
area per unit area; nerve 
number: the total number of 
nerves per unit area.

Pancreatic cancer GAP43 None Iwasaki et al., 201944

Number of nerves per 
observation field (H&E); area 
of TH or VAChT stain per 
observation field.

Head and neck 
cancer

H&E, TH and VAChT None Amit et al., 202015

Nerve density scored as low, 
intermediate or high based on 
observation.

Prostate cancer PGP9.5, 
panNeurofilament

None Hänze et al., 202047

T A B L E  2   (Continued)

F I G U R E  2   Methods of 
quantification of nerve density. (A) Tuj1 
immunohistochemistry stain in human 
oral cavity squamous cell carcinoma. (B) 
Schematic representation of A highlighting 
the different nerve structures present in 
the tissue (0.33 mm2 area of tissue, scale 
bar = 100 µm). (C) Different methods 
of nerve density assessment based on 
histologic observation; refer to Table 2 for 
references [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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measured by the larger ratio of NF-L-positive fibers compared 
to NF-H-positive ones; tumors showed reduced progression 
when autonomic nerves were blocked pharmacologically 
or genetically.36 While mouse studies are advantageous for 
experimental manipulation in mechanistic studies, they are 
inadequate for clinical outcomes. Clinical studies have as-
sessed the relevance of nerve density in cancers at different 
sites.

4.1  |  Prostate cancer

Ayala et al.16 conducted a detailed assessment of nerves in 
prostate using radical prostatectomy specimens. The periph-
eral zone of non-cancer prostate tissue has high nerve density 
compared to the intermediate zone, where most tumors arise. 
In prostate cancer specimens, nerve density within tumor 
areas was higher than normal peripheral zones. Pre-neoplastic 
lesions also display increased nerve density compared to his-
tologically normal prostate. High nerve density measured as 
area of PGP9.5-positive nerves was significantly associated 
with extracapsular extension, a pathological indicator of ag-
gressive behavior in prostate cancer. Likewise, high nerve 
density was associated with recurrence.

When evaluating nerve density in 434 patients as area of 
PGP 9.5-positivity in prostate cancer stroma, a nerve density 
of ≥0.09 was associated with poor recurrence-free survival 
and increased proliferative potential, measured by Ki-67 ex-
pression.45 However, multivariate analysis failed to find sig-
nificant associations between nerve density and survival. In a 
companion study published by the same group,56 both nerve 
density and diameter of PNI-affected nerves had similar ef-
fects on tumor biology. For example, both phenotypes were 
associated with high Ki-67  score and expression of other 
molecules related to proliferation and survival.

Patients with high-risk prostate cancer have increased 
nerve density measured by the area of NF-H and NF-L im-
munofluorescence staining, both in tumor areas and nor-
mal adjacent tissues.36 In the same cohort, nerve density of 
sympathetic and parasympathetic fibers was significantly 
associated with high tumor recurrence. The cutoffs used for 
sympathetic and parasympathetic fibers was 2000 µm2 and 
300 µm2/field, respectively; it is unclear why these cut-offs 
were selected. Another study characterized nerve types in 
prostate cancer and showed that nerve density, measured as 
number of S100-positive nerve bundles per observation field, 
is not associated with biochemical recurrence.57 In contrast, 
higher density of exclusively TH-positive nerves was an inde-
pendent predictor of biochemical recurrence (high PSA after 
treatment),57 emphasizing the importance of the autonomic 
nervous system in prostate cancer progression.

Due to the clinical importance of identifying nerves in 
prostate cancer, two recent studies focused on developing 

techniques for nerve identification that do not rely on histol-
ogy.52,58 Using a previously validated imaging method to de-
tect acetylcholinesterase (11C-donepezil PET/CT scan),58,59 
parasympathetic innervation was detected in 26 cancer pa-
tients. Interestingly, high PET signals, representing high 
innervation, were associated with high grade tumors and 11C-
donepezil accumulated within tumors and metastatic lesions 
compared to normal tissues.58 Magnetic resonance coupled 
with nanoparticles to enhance image contrast was also used 
for nerve density imaging.52 By coupling nanoparticles with 
NP41, a nerve-binding peptide, nerves could be detected and 
imaged because of the contrast characteristics of the nanopar-
ticles. This approach allowed highly specific and sensitive 
detection of nerve density in mice, and has potential as an 
alternative to histological evaluation of nerve density in can-
cer patients.52

4.2  |  Head and neck cancer

To investigate the role of p53 mutations in nerve infiltration 
and tumor progression in head and neck cancer, nerve den-
sity was evaluated in H&E stained tissue sections available in 
the TCGA database.15 Nerve segments were counted; higher 
nerve density was associated with p53  mutations. Using a 
different cohort of patients, the same group evaluated density 
of TH- and VAChT-positive nerves as the area of positive 
immunofluorescence per field of observation. Higher density 
of TH-positive nerves was independently associated with 
poor overall and recurrence-free survival.15 Another study 
in head and neck cancer evaluated density of PNI-positive 
nerves only, by counting the number of PNI foci per slide60; 
a density >1 was associated with poor disease-specific sur-
vival. However, since the majority of nerves in any sample 
are PNI-negative, the value of this assessment is unclear.

Rowe et al.49 investigated the clinical relevance of nerves 
in thyroid cancer. A meticulous assessment of nerve den-
sity was performed in papillary and follicular thyroid can-
cers, and in normal thyroid tissue from unrelated patients. 
Nerve density was calculated as the number of nerve seg-
ments per cm2 of tissue for the entirety of the specimen. No 
nerve fibers were counted since all nerves with less than three 
axons were excluded. The nerve density of papillary tumors 
(12.4 nerves/cm2) was almost double that of normal thyroid 
tissues (6.6 nerves/cm2). No increase in nerve density was ob-
served in follicular tumors. In papillary tumors, nerve density 
was higher in the tumor than adjacent histologically normal 
tissue. Interestingly, adjacent normal areas had an increased 
density compared to unrelated normal samples. Higher nerve 
density in papillary tumors is independently associated with 
extra-thyroidal invasion and inversely correlated with tumor 
size, while no correlation with lymph node metastasis was 
found. Since head and neck cancers are highly heterogeneous 



      |  781SCHMITD et al.

in biology and site, it is hard to draw conclusions about the 
clinical impact of nerve density from the limited available 
evidence.

4.3  |  Pancreatic cancer

Nerve density, measured by PGP9.5, is increased in pancre-
atic cancer compared to normal pancreas.40,43 Histologically 
normal pancreatic tissue adjacent to pancreatic ductal car-
cinoma shows increased nerve density when compared to 
normal tissue from unrelated patients; nerve density was 
assessed by both nerve area and number of nerves per tis-
sue area.40 Interestingly, nerve density is also increased in 
pancreatitis, an inflammatory condition, suggesting that the 
increase is not cancer-specific.39 Pancreatic cancers in hyper-
glycemic patients have increased nerve density, measured by 
area and number,61 presumably due to overlap between can-
cer and chronic inflammation associated with hyperglycemia.

Contradicting these findings, Iwasaki et al.44 showed that 
normal pancreas has increased nerve density compared to 
pancreatic ductal adenocarcinoma. When subdividing tumor 
samples in concentric areas, central areas of the tumor con-
tained fewer nerves than the periphery. Interestingly, when 
nerve density (nerve area per tissue area) and nerve number 
(per tissue area) were used to evaluate patient outcomes, 
lower nerve density was independently associated with worse 
survival. PNI was significantly associated with lower nerve 
density within tumors, presumably due to physical damage in 
invaded nerves. A density of 7 nerves was suggested as a cut-
off for predicting patient prognosis, since patients with ≤7 
intra-pancreatic nerves showed significantly worse overall 
survival and disease-free survival. One particular difference 
between this study and others is the use of growth-associated 
protein (GAP43) to visualize nerves. GAP43 is a marker of 
axonal growth that is expressed only in outgrowing nerves. 
Our experience with GAP-43 in head and neck cancer is 
that it does not highlight all nerves in contrast to a universal 
marker; in fact, GAP-43 expression is higher in nerves closer 
to tumor.6 Therefore, it is unclear why the authors saw less 
nerves in the inner tumor area. It remains to be seen if this 
parameter will be replicated in similar studies with different 
cohorts.

Using a TMA with 99 pancreatic cancer and 71 normal 
pancreas patient samples, investigators assessed the pres-
ence or absence of nerves in the samples considering all 
three markers, S100, PGP9.5, and GAP43, in consecutive 
sections.54 Only 10% of pancreatic cancers and 13% of nor-
mal pancreas samples had nerves in the TMA sections. From 
these nerve-positive samples, pancreatic cancers had signifi-
cantly larger nerves. Furthermore, cancer patients with mean 
nerve area >3200  µm2  survived significantly less than pa-
tients with smaller nerves. The cut-off was calculated based 

on the median nerve area across all samples. Although this 
study did not directly address nerve density, it showed that 
larger nerves associate with poor survival, which can be in-
terpreted as equivalent to a nerve density measurement. It 
also showed a significant association between the presence 
of nerves and poor survival for patients ≤50  years of age. 
However, the small sample size of 11 patients did not allow 
for definitive conclusions.54

Analysis of autonomic nerve density in cancer and pan-
creatitis showed a reduction in sympathetic and no change 
in parasympathetic nerves compared to normal tissue,53 con-
tradicting previous pre-clinical mouse data.38 Renz et al.18 
investigated the role of stress and β-adrenergic receptors in 
the progression of pancreatic ductal adenocarcinoma. These 
receptors are involved in response to sympathetic nerve-
derived norepinephrine during stress. Patients taking non-
selective β-blockers had decreased nerve density in tumor 
samples and improved survival, compared to patients who 
did not take β-blockers. Nerve density was evaluated as 
number of S100-stained nerves in 10 histologic fields, using 
three tumor sections per patient in a limited sample of 13 
patients.

Although pancreatic cancer patients often experience 
abdominal pain,40,53 only one study verified the association 
between nerve density and pain,53 reporting that pancreatic 
cancer patients with less sympathetic and cholinergic nerve 
fiber infiltration have increased pain. This association was 
not statistically significant. It is possible that sensory nerves 
were increased in these tumors, but this hypothesis was not 
tested. Due to limited and contradictory findings among stud-
ies in pancreatic cancer, the contribution of nerve density to 
clinical outcome requires more investigation.

4.4  |  Breast cancer

To investigate neural infiltration in breast cancer, tissues from 
normal mammary glands, fibroadenomas, ductal carcinomas-
in-situ, and invasive ductal carcinomas, were stained for 
PGP9.5.48 While all normal tissues presented nerve fibers 
and/or nerve bundles, only 61.8% of the carcinomas and 
none of the fibroadenomas or carcinoma-in-situ lesions had 
nerves in the stroma. Nerve diameter was similar between 
groups (average ~20 µm); nerves >100 µm in diameter (6% 
of all nerves) were excluded from the analysis. Nerve density 
was measured by quantifying nerve fibers or trunks per field 
and categorized as negative (no nerves), weak (1–10 nerves), 
or moderate/strong (>10 nerves). Higher nerve density was 
significantly associated with higher microvessel density, as-
sessed by CD-34 stain, possibly due to molecular interactions 
between the nervous system and vasculature. PGP9.5 posi-
tivity was associated with significantly lower 3-year disease-
specific survival in a bivariate analysis.
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In a limited cohort of 29 patients, using a combina-
tion of NF-L and TH or VAChT immunofluorescence, 
Kamyia et al.37 showed that a density of TH+NF-L+ fibers 
>12,000  µm2/field was associated with poor recurrence-
free survival, while a density of VAChT+NF-L+ fibers 
>2,000 µm2/field was associated with better recurrence-free 
survival; it is unclear why these cut-offs were selected. This 
evidence suggests that higher density of sympathetic nerves 
portend worse outcomes for breast cancer while parasympa-
thetic nerves have the opposite effect.

Another study in breast cancer evaluated nerve fibers in 
a larger cohort of ductal carcinomas-in-situ, invasive ductal 
carcinomas, and invasive lobular carcinomas.62 Using TMAs 
and IHC for PGP9.5, only nerve fibers were assessed as op-
posed to larger nerve trunks. Because TMAs provide limited 
information about the overall histologic characteristics, nerve 
density was not measured and nerve fibers were scored only 
as present/absent. Interestingly, only 8% of invasive lobular 
carcinomas and 12% of ductal carcinomas-in-situ were posi-
tive for nerve fibers, while 28% of invasive ductal carcinomas 
had nerve fibers. The presence of nerve fibers was signifi-
cantly associated with lymph node metastasis when both 
carcinomas were grouped, but no survival analysis was per-
formed. Because of the limited scope of the available studies, 
it is still unclear if the presence of nerves has any prognostic 
value in breast cancer.

4.5  |  Gastric, esophageal, and 
colorectal cancers

Nerve density was evaluated in gastric cancer using PGP9.5 
immunohistochemistry. Density was measured as low and 
high based on the “median of the volume density of PGP9.5”. 
High nerve density was associated with more advanced tu-
mors, invading the subserosal connective tissue, deeper in the 
gastric wall.35 Furthermore, TH-positive nerve fibers around 
arterioles were investigated in gastric cancer.63 Interestingly, 
there is a marked loss of peri-arteriolar nerve fibers in cancer 
compared to normal tissues. This reduction was also asso-
ciated with depth of invasion, lymph node metastasis, and 
poorer disease-specific survival. The underlying hypothesis 
is that reduced sympathetic innervation would increase blood 
supply to the tumor due to the role of sympathetic fibers in 
vasoconstriction. It would be interesting to know how overall 
nerve density compares with this reduction in peri-arteriolar 
sympathetic nerves.

Esophageal cancers and normal esophageal tissues have 
nerve infiltration by both nerve fibers and nerve trunks, de-
tected by PGP9.5 immunostaining.28 Taking the presence 
or absence of nerves in TMAs as a dichotomous variable, 
96% of normal samples had nerves, 40% of squamous type 
cancers, and 18% of adenocarcinomas were infiltrated by 

nerves. While there was no association between the presence 
of nerves and clinical outcome variables, the presence of 
PNI was significantly associated with poor survival (n = 9 
PNI-positive patients). However, no measurement of nerve 
density was performed, likely due to the limitations of using 
TMA tissue.28

Colorectal cancers were evaluated for nerve density and 
the presence of nerve fibers.64 For nerve density, whole 
mount tissues were stained with PGP9.5, evaluated for num-
ber of nerve segments per high-power field, and scored as 
no nerves, low (1–20), or high (>20) nerve density. The 
presence of nerve fibers was evaluated using a TMA and an 
automated image analysis tool to measure PGP9.5-positive 
pixels. Sixty-three percent of colorectal cancer specimens 
had nerves fibers in TMA cores. From these, only 11% had 
high nerve density, which was significantly correlated with 
poorer disease-specific survival. Rectal tumors presented 
more neurogenesis than colon tumors. When analysis was 
controlled for age, number of involved lymph nodes, tumor 
grade, AJCC (American Joint Committee on Cancer) stage, 
and adjuvant therapy utilized, the presence of nerve fibers 
was an independent predictor of poor survival, suggesting 
that nerve presence is a strong predictor of poor outcomes for 
colorectal cancer.

5  |   CONCLUDING REMARKS

Nerve density in cancer is emerging as an important param-
eter with potential to predict patient outcomes. The available 
clinical and mechanistic evidence indicates an association 
between high nerve density and poor survival, recurrence, 
and worsening of other outcome parameters, such as extra-
prostatic extension (Table 3). In contrast, only a few clinical 
studies showed correlation between lower nerve density and 
poor outcome. Specifically, pancreatic tumor patients had 
better survival when presenting higher nerve density assessed 
by GAP43 immunohistochemistry,44 and higher density of 
parasympathetic nerves in breast cancer was correlated with 
better recurrence-free survival.37 In contrast to nerve density, 
a large body of literature is available for PNI, which is also 
associated with poor patient survival. However, even after 
many decades of clinical studies, the definition of PNI is still 
under debate.1,4

From a biological standpoint, there is rationale for 
using nerve density and/ or PNI as predictors of prognosis. 
Molecular mechanisms of PNI are related to tumor invasive-
ness and the ability of nerve-secreted factors to attract tumor 
cells (neurotropism).30–32 Similarly, nerve density mecha-
nisms, described in this review, involve axonogenesis, neu-
rogenesis, and neurotropism. The likelihood of finding PNI 
increases as nerves grow via axonogenesis and neurogene-
sis. Consequently, nerve density and PNI are mechanistically 
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associated; an increase in nerve density could lead to an in-
crease in PNI.

Clinically, a patient is defined as PNI-positive if one or 
more nerves has PNI, evaluated by histology. However, from 
the entire population of nerves in a given tumor, typically 
only a few have PNI. As an example, only 3.8% of all nerves 
in a head and neck cancer cohort of 71 patients with 2879 
nerves were PNI-positive.6 Efforts have been made to in-
crease the clinical significance of PNI by separating patients 
into unifocal (one PNI-positive nerve) versus multifocal PNI 
(more than one PNI-positive nerve)65; however, validation 
studies are needed. Since nerves have the ability to secrete 
factors to promote a cancer growth-friendly environment,55 
why would only PNI-positive nerves be important? Nerve 
density evaluation takes into consideration PNI-positive and 
-negative nerves in the tumor, better representing the biolog-
ical crosstalk between nerves and tumor.

There are many challenges to incorporating nerve density 
in the histopathologic examination of tumors. As highlighted 
in this review, there are many definitions and methods of as-
sessment of nerve density (Table 2). Starting with histologic 
assessment, using a nerve marker is crucial. A H&E stain 
should not be used exclusively for histopathologic evaluation, 
as immunohistochemistry for nerves increase nerve detec-
tion.6 However, the choice of immunohistochemistry marker 
can dictate which type of nerve segments are being observed 
(nerve fibers versus nerve bundles or fascicles). For example, 
S100 immunohistochemistry is suitable for detection of nerve 
fascicles, but does not highlight all small fibers. Also, some 
nerve markers stain tumor parenchyma, hindering the ability 
to discern small nerve fibers. We have successfully used Tuj1 
(β-tubulin III) to specifically detect nerve tissue, and have 
observed very similar detection of larger nerves compared 
to S100,6 and more reliable detection of delicate fibers, as 

T A B L E  3   Clinical significance of nerve density in cancer

Disease Clinical findings Patient n Reference

Pancreatic cancer Low nerve density associated with the use of non-selective β-adrenergic 
receptor inhibitors and better survival

13 Renz et al., 201818

High nerve density associated with better survival while PNI associated 
with worse survival.

256 Iwasaki et al., 201944

Prostate cancer High nerve density associated with recurrences and extraprostatic 
extension.

27 Ayala et al., 200816

High nerve density associated with extraprostatic extension; 
highsympathetic and parasympathetic nerve densities associated with 
poor recurrence-free survival.

43 Magnon et al., 201336

High nerve density associated with worse recurrence-free survival. 435 (TMA) Olar et al., 201445

High nerve density of pure sympathetic nerves associated with 
biochemical recurrence.

98 Reeves et al., 201957

Breast cancer High nerve density associated with poor 3-year disease-free survival and 
higher tumor grade.

162 Zhao et al., 201448

High density of sympathetic fibers and low density of parasympathetic 
fibers associated with poor recurrence-free survival.

29 Kamiya et al., 201937

Liver cancer High expression of TH and VAChT associated with lymph node 
metastasis, vascular invasion, higher clinical stages, and worse 
survival. High TH expression associated with recurrences.

30 Zhang et al., 201746

Colorectal cancer High nerve density associated with lymph node metastasis, with 
decreased disease specific survival and increased recurrence. Nerve 
density was a more powerful predictor of poor prognosis than lymph 
node status in adjusted analyses.

236 Albo et al., 201164

Gastric cancer Reduced TH-positive nerve density around arterioles associated with 
poor survival, increased lymph node metastasis and higher depth of 
invasion.

82 Myiato et al., 201163

High nerve density associated with lymph node metastasis and advanced 
tumor stage.

120 Zhao et al., 201435

Head and neck cancer High nerve density associated with worse overall survival (H&E). High 
TH-positive nerve density independently associated with worse 
overall survival and recurrence-free survival.

70 (TH) 
& 231 
(H&E)

Amit et al., 202015

Thyroid cancer High nerve density and PNI were both independently associated with 
extra-thyroidal invasion.

75 Rowe et al., 202049
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illustrated in Figure 2. Regarding the use of specific nerve 
type markers such as TH and VAChT, further investigation is 
required to understand if density of different types of nerves 
is relevant for clinical outcome.

Another important challenge to the use of nerve density 
as a clinical parameter is to standardize how much of the tis-
sue should be analyzed for each sample. While some studies 
used large tissue specimens16,40 and looked for nerve hotspots 
throughout the tumor,16,64 others used TMAs45 or analyzed 
a specific number of representative fields.15,36 Importantly, 
analysis of adjacent normal tissue relative to cancer tissue 
could be of importance in understanding tumoral nerve den-
sity relative to normal anatomical nerve distribution.49 While 
evaluating nerves in the entire tumor and surrounding tissue 
is preferred, it is time consuming and not feasible for rou-
tine histopathologic examination. Digital pathology is rap-
idly evolving to incorporate artificial intelligence tools that 
detect tumor areas and stromal areas with minimal human 
interference.66 This method could be used to detect and count 
nerves in an automated manner, facilitating the use of nerve 
density in patient outcome in the future. However, current 
lack of specificity of automated models in discerning true 
nerves from non-specific immunostaining is an obstacle that 
must be overcome.67

In conclusion, nerve density is a biologically relevant 
clinical parameter to assess nerves in tumor relative to pa-
tient outcomes. However, there are many challenges to rou-
tine application as a treatment selection tool. To adjust for 
variations in nerve density by anatomic location, we believe 
that tumoral nerve density should be evaluated in compar-
ison to normal surrounding tissues. Although this compre-
hensive pathological examination is time consuming, it could 
be performed and used as a gold standard for comparison to 
less inclusive methods of analysis, such as TMAs or selected 
fields of examination. Expanded, rigorous, and well-defined 
studies will help determine the true value of nerve density for 
each specific type of tumor, to produce a unified method of 
assessment. Additionally, to understand which types of nerve 
segments are more relevant to tumor biology (larger nerve 
fascicles or delicate nerve fibers), a better understanding 
about the molecular mechanisms of nerve participation in the 
tumor microenvironment is required.
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