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Regulatory science for medical devices aims to develop new tools, standards and approaches to assess the safety,
effectiveness, quality and performance of medical devices. In the field of biomaterials, hernia mesh is a class of
implants that have been successfully translated to clinical applications. With a focus on hernia mesh and its

Hernia me.Sh regulatory science system, this paper collected and reviewed information on hernia mesh products and bio-
iegerllzliatlon materials in both Chinese and American markets. The current development of regulatory science for hernia
emolding

mesh, including its regulations, standards, guidance documents and classification, and the scientific evaluation
of its safety and effectiveness was first reported. Then the research prospect of regulatory science for hernia mesh
was discussed. New methods for the preclinical animal study and new tools for the evaluation of the safety and
effectiveness of hernia mesh, such as computational modeling, big data platform and evidence-based research,
were assessed. By taking the regulatory science of hernia mesh as a case study, this review provided a research
basis for developing a regulatory science system of implantable medical devices, furthering the systematic
evaluation of the safety and effectiveness of medical devices for better regulatory decision-making. This was the
first article reviewing the regulatory science of hernia mesh and biomaterial-based implants. It also proposed and

explained the concepts of evidence-based regulatory science and technical review for the first time.

1. Introduction

Breakthroughs in science and technology and the huge clinical de-
mand brought about by aging population are accelerating the growth of
the health care market, including medical devices. The global market of
medical products is expected to reach $400 billion in 2020 [1]. As the
second largest medical device market in the world, China saw the
revenues of its medical device manufacturers in 2018 standing at
around 638 billion yuan, and the number is expected to exceed one
trillion yuan in 2021-2022 [2]. The burgeoning medical device in-
dustry has brought unprecedented challenges to the regulators,
boosting the development of regulatory science for medical devices.

Regulatory science for medical devices is “the science of developing
new tools, standards, and approaches to assess the safety, effectiveness,
quality, and performance of regulated medical device products.” [3].

In 2010, the FDA initiated the framework of regulatory science [4]
and the drafting of its strategic plan [5]. The FDA Center for Devices
and Radiological Health (CDRH) proposed top ten regulatory science
priorities for medical devices in 2017, including leveraging “big data”

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.

for regulatory decision-making, modernized biocompatibility evalua-
tion, computational modeling technologies, precision medicine and
biomarkers [6].

In April 2019, China National Medical Products Administration
launched the first round of regulatory science action plans for medical
products. Projects related to regulatory science for medical devices
included safety and effectiveness evaluation of artificial intelligence
medical devices, research on regulatory science for novel materials-
based medical devices, the technical evaluation of combination pro-
ducts and the methodological research on clinical evaluation of medical
devices based on real-world data [7].

Regulatory science provides crucial basis and support for the sci-
entific regulation of medical devices. Medical device regulation in-
volves many aspects, including but not limited to the formulation of
laws and regulations, registration review and approval, inspection of
manufacturing quality system and evaluation of adverse events. How to
evaluate the safety and effectiveness of medical devices in a scientific
and systematic way is one of the main contents of research on reg-
ulatory science for medical devices.
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Fig. 1. Representative Images of Hernia Mesh. (A) Inguinal hernia mesh with anatomical shape; (B) Intraperitoneal mesh with coating; (C) Biological mesh; (D) Fiber-

based absorbable mesh (Images were provided by different clinical sources).

Hernia mesh is a typical biomaterial-based implant. The current
paper focuses on the safety and effectiveness evaluation of hernia mesh.
This paper starts with a description of the mechanism, classification,
marketed products and materials of hernia mesh. Next, the general
information of regulatory science for medical devices is introduced,
with a focus on the current development of regulatory science for
hernia mesh, including relevant laws and regulations, standards and
guidance documents. The evidence for safety and effectiveness eva-
luation at all stages, including preclinical testing on physical and che-
mical characterization, biocompatibility and biosafety research, animal
study and clinical evaluation, is analyzed. Finally, future research di-
rections of regulatory science for hernia mesh are proposed.

2. Hernia mesh

Hernia refers to a raised structure that organs or tissues in the ab-
dominal cavity protrude from defects in abdominal wall, groin and
other areas. Abdominal wall defects can be congenital or postnatal,
with higher incidence among the elderly [8,9]. According to two large
epidemiological surveys, the incidence rate of inguinal hernia in China
is 5.5-7 per 1000 [10,11]. With the world's aging population, hernia
will likely become a major disease from which tens of millions will
suffer.

Hernia repair is an effective method to cure hernia and abdominal
wall defect. It can be divided into tension hernia repair and tension-free
hernioplasty. In 1986, Irving Lichtenstein first proposed to use synthetic
materials for inguinal hernia repair to achieve tension-free hernia re-
pair [12]. Now, tension-free hernioplasty has become a regular choice
for clinicians around the world.

This section puts forward and discusses the classification of hernia
mesh based on four criteria from the perspective of safety and effec-
tiveness evaluation. Hernia mesh products on the Chinese and the U.S.
markets are introduced, as well as hernia mesh products that have
passed the special procedure for review and approval of innovative
medical devices in China.

2.1. Scope and classification

There are different classification methods for hernia mesh. In
guidelines issued by European, U.S. and Asia-Pacific hernia societies,
hernia mesh is generally divided into two categories. One is synthetic
mesh made of synthetic materials such as polypropylene, polyethylene
terephthalate and polytetrafluoroethylene. The other is biologic/bio-
logical mesh made of animal-derived or allogeneic materials [13,14]. In
addition, it can also be classified into large porous mesh and light-
weight mesh [8]. According to the type of composed materials, some
reviewers classified it into single material mesh, composite mesh with
two or more layers, woven or machine-knit mesh with two kinds of
fibers, and biological mesh [15].

Based on the safety and effectiveness evaluation of hernia mesh, this
paper classifies hernia mesh by the following four different categories,
mechanism of repair, anatomical site of implanted mesh, indications
and location of use, and type of material.

First, according to different repair mechanisms, hernia mesh can be
divided into non-remodeling hernia mesh (NRHM) (see Fig. 1A and B)
and tissue remodeling hernia mesh (TRHM) (see Fig. 1C and D), re-
spectively corresponding to the two mechanisms of biological tissue
defect healing, i.e. tissue scarring and remodeling/regeneration
[16,17]. The former can repair the defect by stimulating the scar tissue
formation to fill the pores of the mesh through the reaction to foreign
body, and the foreign body exists in the human body for a long time
[18]. The latter has a long-lasting effect on the repair of hernia and
abdominal wall defect by using endogenous tissue regeneration and
remodeling, resulting in fewer scar tissues in the repaired defect [16].

NRHM is often made of non-absorbable materials, while TRHM is
composed of absorbable materials [19]. Since the degradation of im-
plant materials varies and tissue reactions differ, tissue repair is
achieving toward different directions. The representational histological
staining images are shown in Fig. 2:

Second, according to the anatomical site of implanted mesh, hernia
mesh can be divided into two types: intraperitoneal hernia mesh and
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non-intraperitoneal hernia mesh [20]. As shown in Fig. 3, for abdom-
inal wall hernia, intraperitoneal hernia mesh is implanted under the
peritoneum. Due to the possibility of adhesion with the tissues and
organs in abdomen, the product is specially designed to reduce adhe-
sion. As shown in Fig. 1 (B), the mesh has a layer of film to reduce
adhesion. In Fig. 3, the meshes implanted in other anatomical sites are
all non-intraperitoneal hernia mesh.

Third, according to the clinical indications and types of hernia, it
can be divided into inguinal hernia, femoral hernia and abdominal wall
hernia (incisional ventral hernia, parastomal hernia, umbilical hernia,
epigastic hernia and semilunar hernia), diaphragmatic hernia, hiatal
hernia and pelvic hernia without organ prolapse [20,21]. It should be
noted that while some mesh can be used for various types of hernia
repair, there are special-purpose mesh products designed only for cer-
tain types of hernia. As the mesh shown in Fig. 1 (A), it can only be used
for inguinal hernia.

Fourth, according to materials, hernia mesh can be made of synthetic
polymer materials such as polypropylene, biological tissue membrane
materials such as porcine small intestinal submucosa, and composite
made of various materials [9]. Tables 1-3 show the materials used in
approved/cleared hernia mesh published by the official websites of the
China NMPA and the U.S. FDA. For the convenience of description, this
paper reviews materials of hernia mesh as following: the key materials of
hernia mesh (Table 1), the materials of the layer that minimizes tissue
adhesions or attachment for intraperitoneal hernia mesh (Table 2), and
the materials of functional components (Table 3).

2.2. Marketed hernia mesh products in China and the U.S
According to the official websites of the NMPA and the FDA, the

information of hernia mesh approved or cleared for market entry in
China and the U.S. up to April 15, 2020 is summarized in Fig. 4.
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Fig. 2. Histologic appearance of Scar Repair and
Remodeling & Regenerative Repair. (A) Scar repair with
non-absorbable Polyvinylidene fluoride (PVDF) syn-
thetic mesh (hematoxylin & eosin (H&E) stained). A
large number of inflammatory cells are around the
mesh fibers. The disordered deposition of scar tissue
Mesh  collagen fibers can be seen at the interface between the
-repair mesh and the host tissue; and (B) Remodeling & re-
area generative repair with absorbable porcine urinary
bladder matrix biological mesh (H&E stained). The or-
dered deposition of regenerated collagen fibers ap-
peared in mesh repair area.
#: Scar tissue; &: Inflammatory response area; *: The
regenerated collagen fibers appeared in an orderly ar-
rangement.

To sum up, among the approved devices in China, there are eight
TRHMs and nineteen intraperitoneal hernia mesh devices designed to
reduce adhesions. In the United States, there are seventy-eight TRHMs
on the 510 (k) premarket notification and fifty-three intraperitoneal
mesh designed to reduce adhesions. The hybrid hernia mesh made of
absorbable tissue-remodeling mesh and non-absorbable synthetic ma-
terials has not yet been approved in China, whereas there are three
hybrid hernia mesh products in the United States.

2.3. Innovative hernia mesh devices

Since 2014, the former China Food and Drug Administration (CFDA)
had launched the special procedure for review and approval of in-
novative medical devices to promote innovation [75]. At present, the
hernia mesh products which have applied for innovative medical device
status are all TRHMs. Compared with scarring repair, this kind of mesh
is considered as an ideal medical device for soft tissue defect repair
[8,76].

As of the submission of this article, two hernia mesh products have
passed the special procedure for innovative medical devices in China.
Among them, the composite hernia mesh has been approved for market
entry in China. The product is made of the blend of 1-lactide, capro-
lactone and porcine fibrinogen by electrostatic spinning technology
[62,77]. The other innovative medical device is the biological hernia
mesh, which is a “sandwich” structure made of porcine urinary bladder
basement membrane and small intestinal submucosa extracellular ma-
trix by vacuum lamination [78].

The evaluation of the safety and effectiveness of innovative medical
devices poses a challenge to regulators, in terms of how to evaluate the
induced tissue regeneration and how to distinguish induced tissue re-
generation from tissue remodeling. Related information will be dis-
cussed in detail in the later sections.

Intraperitoneal / N

Fig. 3. Implanted Anatomical Position of Hernia Mesh (Image modified from Refs. [20]).
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Table 1
Key Materials of marketed hernia mesh in China and the U.S.

No.  Type of material Chemical name of material Ref.

1 A: Non-absorbable synthetic materials Polypropylene (PP) [22]

2 Polytetrafluoroethylene (PTFE) [23]

3 Expanded polytetrafluoroethylene (ePTFE) [24]

4 Polyvinylidene fluoride (PVDF) [24]

5 Polyethylene terephthalate (PET) [23]

6 nylon 6 [25]

7 Polycarbonate polyurethane urea [26]

8 Cross-linked acrylic polymer [27]

9 Polycaprolactone (PCL) based poly (urethane urea) (PUU) [28]

10 expanded polytetrafluoroethylene (ePTFE) reinforced with fluorinated ethylene propylene (FEP) [29]

11 Co-knitted using PP and PVDF [30]

12 Co-knitted using PP and Polyurethane (PU) [31]

13 Co-knitted using PP and Polycarbonate polyurethane urea [32]

14 PP with titanium coating (plasma activated chemical vapor deposition of atomic Titanium) [19]

15 PP with Titanium Dioxide coating (Wet-chemical coating procedure) [19]

16 B: Fiber-based absorbable synthetic materials Polyglycolide (PGA) [33]

17 scaffold Polylactide (PLA) [34]

18 Polydioxanone (PDO) [35]

19 Poly (lactide-co-glycolide) (PLGA) [33]

20 Poly (glycolide-co-trimethylene carbonate) (P (GA-TMC)) [36]

21 Co-knitted using Poly (glycolide-co-trimethylene carbonate) (P (GA-TMC)) and Poly (lactide-co- [37,38]
trimethylene carbonate) copolymer (P (LA-TMC))

22 Co-knitted using Poly (glycolide-co-lactide-co-trimethylene carbonate) copolymer (P (GA-LA-TMC)) and  [38]
Poly (lactide-co-trimethylene carbonate) copolymer (P (LA-TMC))

23 Bioresorbable 1-tyrosine succinate polymer [24]

24 C: Fiber-based absorbable natural materials Silk fibroin protein [39]

25 scaffold Poly-4-hydroxybutyrate (P4HB) [40,41]

26 D: Absorbable or part-absorbable allogenic Allogenic acellular dermal matrix (A-ADM) [42]

acellular tissue matrix

27 E: Absorbable or part-absorbable xenogenic Porcine intestinal submucosa (SIS) [43]

28 acellular tissue matrix Porcine urinary bladder matrix (P-UBM) [44,45]

29 Porcine liver matrix [46]
Porcine acellular dermal matrix (P-ADM) [47]
Bovine acellular dermal matrix (B-ADM) [48]

30 Collagen derived from bovine pericardium [49]

31 Collagen derived from porcine pleura [50]

32 Cross-linked porcine dermal collagen [51]

33 Cross-linked fibrous collagen derived from bovine hides [52]

34 F: Non-absorbable or part-absorbable biological Porcine pericardium (P-PC) [53]

35 tissue Bovine pericardium (P-PC) [49]

36 Equine pericardium (E-PC) [54]

37 G: Non-absorbable natural materials microbial-derived cellulose [55]

38 Composite material: A + B Co-knitted using PP and Polyglycolide (PGA) [56]

39 Co-knitted using PP and PDO [571

40 Co-knitted using PP and poly (glycolide-co-caprolactone) (P (GA-CL)) [8]

41 Co-knitted using PP and PLGA [19]

42 Composite of PVDF and poly (1,4-butylene adipate)PBA [58]

43 Hybrid mesh: Multi-layer using PTFE and porous PGA/TMC [40]

44 Composite material: A + E Hybrid mesh: Multi-layer using PP and SIS [40,59]

45 Hybrid mesh: Ovine forestomach or rumen derived extra cellular matrix (ECM) with PP embroidery [40,60,61]

46 Composite material: B + C Electrospinning technology: Poly (i-lactide-co-caprolactone) (P (LLA-CL)) and Porcine fibrinogen (P-FIB)  [62]

47 Co-knitted using PAHB and PGA [63]

48 Multi-layers using lyophilized porcine collagen and PLA [64]

49 Composite material: B + E Ovine forestomach or rumen derived extra cellular matrix (ECM) with PGA embroidery [40,60,61]

* Table 1 only lists the key mesh materials for hernia repair. The information of the composite mesh materials with the adhesion-reducing layers is listed in Table 2,
such as the ePTFE of Composix product and the P (GA-CL) of PHYSIOMESH product. The material information of functional components in multi-component hernia
mesh is listed in Table 3, such as the self-gripping system of the PLA of ProGrip product.

3. Current status

Regulatory science for hernia mesh should cover the total product
life cycle of hernia mesh, including the premarket and post-marketing
phases. The premarket safety and effectiveness evaluation is a good
representative in the research of regulatory science. The constructing of
premarket regulatory science system involves laws, regulations, stan-
dards, guidance documents and other documents issued by the reg-
ulators of medical products, the standardization technical committee
and other institutions.

This section focuses on the safety and effectiveness evaluation of
hernia mesh devices. It starts with the introduction of key regulatory
documents including Rules, Regulations, Standards and Technical
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Guidance Documents. Next, scientific evidence on safety and effec-
tiveness evaluation for hernia mesh is summarized. The quality of
evidence is analyzed and discussed from the three areas of preclinical
chemical properties testing, preclinical animal study and premarket
clinical evaluation. Finally, the regulatory pathways for hernia mesh
devices in both the U.S. and China are described.

3.1. Key regulatory documents

In August 2015, the State Council of China issued the Opinions on the
Reform of the Review and Approval System for Drugs and Medical Devices
[79](GF [2015] No. 44), and launched the reform of the review and
approval system of medical devices in China. Under the guidance of the
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Table 2
Materials of the layer that could minimize tissue adhesions or attachment in the
marketed intraperitoneal hernia mesh in China and the U.S.

No. Type of material Chemical name of material Ref.

1 Non-absorbable ePTFE [65]

2 synthetic materials PVDF [30]

3 Cross-linked acrylic polymer with [27]
polyamide

4 Polyurethane [31]

5 silicone [66]

6 Absorbable synthetic P (LA-CL) [32,67]

7 materials P (GA-CL) [31]

8 P (GA-TMC) [40]

9 P (GA-CL-TMC-LA) [68]

10 Oxidized regenerated cellulose (ORC) [56,69]

11 Natural materials Bioabsorbable Oil Fatty Acid (O3FA): [31]
fatty acids, lipids and glycerides

12 Cross-linked resorbable collagen film of [53]

porcine origin

13 Composite materials Porcine collagen, polyethylene glycol [64,70]
(PEG)and glycerol

14 Porcine collagen and glycerol [71]

15 Sodium hyaluronate (HA) and [70]
carboxymethyl cellulose (CMC)

16 Sodium hyaluronate, carboxymethyl [56,63]
cellulose and polyethylene glycol (HA-
CMC-PEG)

Bioactive Materials 6 (2021) 420-432

document, the NMPA formulated and issued a series of regulatory and
normative documents related to the reform of medical device review
and approval (refer to article [80] for details). These regulations and
normative documents are commonly applicable, not limited to specific
medical devices such as hernia mesh.

Standard serves as an important reference for the safety and effec-
tiveness evaluation of medical devices. Standards that referred by the
NMPA for medical devices include international standards from both
ISO and ASTM, Chinese national standards (GB) and Chinese medical
device industrial standards (YY). Chinese standards are also divided
into mandatory standards and recommended standards [81].

Guidance documents are important technical documents to navigate
the safety and effectiveness evaluation of medical devices. The general
guidance documents of medical devices cover the safety and effec-
tiveness evidence of preclinical performance research [82], biological
safety evaluation of animal-derived medical devices [83,84], general
principles of the design of animal studies [85], and clinical evaluation
[86-88], among other contents [89,90]. The technical review of hernia
mesh can refer to the applicable general guidance or the applicable
contents in the guidance documents.

Since 2013, the NMPA has issued a series of specialized guidance
documents for the technical review of hernia mesh. A system of tech-
nical review science for hernia mesh in line with the general guidance
documents has been established (see Table 4 for more specifics). In
1999, the United States also issued a guidance document to guide the

Table 3
Materials of functional components in the marketed hernia mesh in China and the U.S.
No. Type of functional component Chemical name of material Ref.
1 Monofilament resorbable pins or grips for Self-Gripping PLA [72]
2 Self-expanding rings PET [73]
3 Expanding rings PLGA [56]
4 Recoil ring PDO [56]
56 Antibiotic drugs coating Silver carbonate and chlorhexidine diacetate [24]
Bioresorbable 1-tyrosine succinate polymer and antimicrobial agents Rifampin and Minocycline [24]
6 Self-expanding Nitinol framed Ni-Ti shape-memory alloy [74]
7 Coating provide additional stiffness bioresorbable polyarylate (PAR) [24]

China: http://qy1.sfda.gov.ex2.ipv6.nmpa.gov.cn/datasearchcnda/face3/dir.html.

The U.S.: https://www.fda.gov/medical-devices.
*Hernia mesh products official database websites.
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Table 4
Guidance documents of technical review for hernia mesh in China.
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Year and document No. Titles

Date of Implementation

2013 SFDA Announcement No.7
2019 NMPA Announcement No.18

Guidance of Technical Review for Product Registration of Hernia Mesh [92]
Guidance of Technical Review for Animal Experiment of Intraperitoneal Hernia Mesh [93]
/ Guidance for Clinical Trail of Hernia Mesh [94]

Oct. 12st, 2013
April 18th’ 2019
To be released

*SFDA is the abbreviation of State Food and Drug Administration of China before 2013.
NMPA is the abbreviation of National Medical Product Administration of China since 2018.

510(k) application of surgical mesh [91].

The Guidance of Technical Review for Product Registration of Hernia
Mesh mainly regulates the submission of non-clinical documents and
data of hernia mesh [92]. The guidance covers areas including physical
and chemical bench performance tests, biocompatibility assessment,
sterilization validation, shelf life tests, and technical specifications and
tests.

3.2. Evaluation of safety and effectiveness in regulatory science

To ensure the safety and effectiveness of medical devices is the re-
sponsibility and mission of medical products regulators worldwide.
Technical review is an important link in the regulation of medical de-
vices. Regulatory science on the technical review of medical devices can
be defined as technical review science, which focuses on the scientific
and efficient evaluation on the safety and effectiveness of medical de-
vices before market entry.

Safety and effectiveness are the prerequisites for the approval or
clearance of medical devices. The International Medical Device
Regulators Forum (IMDRF), initiated by medical device regulators from
many countries, has issued the Essential Principles of Safety and
Performance of Medical Devices and IVD Medical Devices which defines
“safety” as “the freedom from unacceptable risk” and “effectiveness” as
“the ability of a medical device or IVD medical device to provide clinically
significant results in a significant portion of the target population” [95].

The top three clinical risks of hernia mesh are reoccurrence, pain
and infection [19,24,96]. Regulatory science focuses on how to scien-
tifically evaluate hernia mesh devices in terms of acceptance of their
potential risks as well as sufficient evidence to prove safety and effec-
tiveness. For example, potential reoccurrence can be evaluated via
preclinical bench top mechanical testing, animal study and clinical
evaluation. Potential infection risk can be evaluated through bio-
compatibility evaluation and sterilization validation. The following will
discuss these information in detail.

3.3. Summary of scientific evidence

For hernia mesh, the evidence required for safety and effectiveness
evaluation includes preclinical in vitro performance test, animal study,
clinical evaluation and other aspects. For the convenience of discussion,
the types of evidence and specific items are presented in Table 5. Please
note that Table 5 is not an exhausted but a representative list of re-
levant evidence to be provided.

Considering the wide varieties of hernia mesh, it can be well clas-
sified according to four categories which are in line with the product
characteristics, as described in Section One, for better regulation of
such products. Depending on types of hernia mesh in each category, the
safety and effectiveness may be evaluated differently.

Some types of evidence are not applicable to certain hernia mesh.
Table 6 gives the information on the applicability of evidence to dif-
ferent types of hernia mesh based on Table 5. For mesh containing
materials derived from animal sources, allogeneic material and bioac-
tive components, research proof on biosafety is required. At present, in
line with the Guidance for Technical Review of Animal Study of Medical
Devices Part 1: Decision-making Principles [85], if the NRHM implanted

extra peritoneal does not apply a brand new material nor come up with
a new structural design, it may not be necessary to carry out animal
study during the phase of design control for the product. For NRHM
that does not have the tissue remodeling properties, clinical trial may
not be necessary if substantial equivalence exists in terms of the safety
and effectiveness between the mesh and those of the marketed pre-
dicate products in China. The specific contents of animal studies and
clinical evaluation will be discussed in the following sections.

3.4. Preclinical chemical properties testing

For hernia mesh made of different materials, their chemical prop-
erties are also different. This paper summarizes the chemical properties
of some of the typical marketed hernia mesh products (see Table 7).
Synthetic materials usually need to be characterized and tested for
chemical residues. Materials derived from animal and allogeneic
sources need to establish quality control standards for residues that may
generate immunogenic reactions. In addition, the residual amount of
specific hazardous small molecules and macromolecules should be
analyzed according to the condition of use for raw materials and ad-
ditives during the manufacturing process.

3.5. Preclinical animal study

Animal study is an important stage during the design and devel-
opment processes of medical devices. For the medical devices that need
to conduct premarket clinical trials, animal study could reduce the
potential risks that trial subjects and investigators may face. It also
serves as a reference for the design of the clinical trial of the device.
Although animal study is of great significance, it is not necessary for all
medical devices. In 2019, the NMPA issued the Guidance for Technical
Review of Animal Study of Medical Devices Part 1: Decision-making
Principles [85]. The guidance proposes principles related to animal
welfare and ethics, as well as risk management. A decision-making flow
chart of animal study has been developed, which provides reference for
medical device sponsors to decide whether to carry out animal study or
not.

For different types of hernia mesh, different decision outcomes may
be drawn when referring to the decision-making principles due to the
distinctive characteristics of each product [85]. In general, for in-
traperitoneal hernia mesh, adhesion conditions should be evaluated
through animal study, while for TRHM, effectiveness of tissue re-
modeling should be evaluated via animal study. Other hernia mesh
which are made of new materials, or adopt new designs and designed
with special functions may also need to conduct animal study.

In 2019, the NMPA issued the Guidance of Technical Review for
Animal Study of Intraperitoneal Hernia Mesh [93], tackling the con-
troversy over how to evaluate adhesion between mesh and intra-ab-
dominal tissues. The guidance was expected to change the current
confounding situation for the design of animal study [115]. The fun-
damental elements in the design of animal studies for hernia mesh were
elucidated in the guidance (see Table 8 for specifics). The guidance
established a brand-new composite index of both adhesion strength and
adhesion area. As a result, an evaluation system of tissue adhesion for
hernia mesh was developed for the first time.
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Table 5

Summary of evidence for the safety and effectiveness of hernia mesh.
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Type of evidence

Corresponding risks

List of specific items

quality control of raw materials

Physical properties [97,98]

Chemical properties

Research on bench
performance tests

Process validation

Biocompatibility [110]

Biosafety study”

Sterilization validation

Shelf life Study

Animal studies

Premarket clinical evaluation

Post-marketing clinical
evaluation

Affecting the safety and effectiveness of final products.

Risk of hernia recurrence due to insufficient mechanical
properties.

Toxic reaction due to chemical residues.

Functional failure.

Instability of product quality or safety risks caused by
process variations.
Toxicological response caused by poor biocompatibility.

Risk of virus and infectious pathogen, immunogenicity
risks.

Infections associated with the non-sterile products.

Risk of Product deterioration within the expiration date,
damaged sterile packaging.

Tissue adhesion with intraperitoneal mesh, hernia
recurrence caused by rapid degradation of remodeling
mesh.

Defect recurrence, adverse events and complications
after clinical application [112,113].

Applicable items such as chemical composition analysis, qualitative and quantitative
analysis of impurity, fiber size and physical strength, biocompatibility evaluation.
Appearance, physical dimensions (thickness) [23], monofilament diameter [22], pore
properties [23,99] (pore size, pore density, porosity), weight per unit area/Density
[23,100-102], uniaxial tensile strength [23,100,103-106], tensile elongation [106,107],
burst strength [23,100,104], suture retention [23,100,104], suture pullout strength
[108], connection strength between components and layers (when applicable), tear
resistance [23,100,104] (when applicable), fading test (when applicable), stiffness [109].
Qualitative analysis of chemical composition of the mesh [69] (also consider its
degradation products).”

Impurity residues (including qualitative and quantitative analysis, items reflecting
the total amount of impurities indirectly and specific impurity residues).”
Applicable items such as in vitro tests of fixation strength of self-fixed mesh without
suture, research on mesh shape with human groin anatomical structure, etc.
Degradation cycle [38] and degradation rate study (when applicable)

Applicable items including but not limited to cleaning process and impurity removal
process, and weaving process.

Evaluation without performing biological tests: toxicological equivalence analysis with
similar products on the Chinese market, toxicological analysis of leachable substances.
Biological tests: cytotoxicity, sensitization, irritation or intracutaneous reactivity, systemic
toxicity (acute/subchronic/pyrogenicity), genotoxicity, implantation (with histology of
the surrounding tissue). If the materials have never been used in marketed long-term
implantable medical devices in China, long-term implantation responses, chronic toxicity
and carcinogenicity should be evaluated.

Research data on the metabolism of degradation products (when applicable) and
bacterial endotoxin.

Safety data of animal or allogeneic source control, such as quarantine and epidemic
prevention documents, donor donation letters, virus test reports.

Risk analysis of viruses and/or infectious pathogens, description and verification of
corresponding control measures.

Risk analysis of product immunogenicity (immunoreaction), description and
verification of control processes, test of items related to quality control of
immunogen (applicable items such as hetero protein, DNA, antigen composition)
and immunotoxicity test (if necessary).

Studies on the tolerance of hernia mesh to sterilization process, sterility assurance
level, sterility test, irradiation dose (when applicable), residues of ethylene oxide
and other disinfectants and their derivative (when applicable).

Mesh stability study.

Packaging study.

Simulated transportation study.

Studies on adhesions of intraperitoneal hernia mesh (when applicable).

Studies on tissue regeneration and remodeling effectiveness of remodeling mesh
[38] (when applicable).

Studies on the shrinkage of mesh after long-term implantation (when applicable).
Other performances of product (when applicable) [111].

Prospective clinical trials, clinical literature, clinical cases studies and other evidence.
The comparison with registered product and predicate medical devices to demonstrate
that they are substantial equivalent (SE)in terms of safety and effectiveness.
Post-market clinical trials, registered studies (when applicable), clinical follow-up
and quality tracking [67].

2 There are differences in the chemical properties of hernia mesh made of different materials (see Table 7 for details).
b Biosafety is applicable to mesh made from animal-derived and allogeneic materials.

Table 6

Supplementary list of the evidence of safety and effectiveness for different types of hernia mesh.

Type of evidence

Type of mesh

Repair Non- remodeling Tissue remodeling
mechanism
Anatomical Non-intraperitoneal Intraperitoneal Non-intraperitoneal Intraperitoneal
site
Materials Animal or ~ Synthetic and  Animal or ~ Synthetic and  Animal or Synthetic and ~ Animal or Synthetic and
sources allogeneic  other natural  allogeneic  other natural  allogeneic other natural  allogeneic other natural
human sources human sources human sources human sources
Biosafety v / v / v / v /
Animal study / v
Premarket clinical investigation * v

Note: Other evidence types not listed are applicable to all types of hernia mesh.
*: Premarket clinical investigation is unnecessary if the subject product is substantial equivalent to marketed predicate products in China.
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Table 7

Chemical properties of hernia mesh [92].

Chemical properties

Chemical composition of material

Type of Material

Safety items

Material characterization

Residues of heavy metals, manufacturing reagents, harmful small

Potential of hydrogen

(PH)

Infrared identification [114]

PP, PET, PVDF, PTFE, etc.

Non-absorbable

materials

Synthetic polymer

molecular and macromolecular substances in final products, such as

ethylene oxide (when applicable)

materials

Evaporation residue

Reducing substance

Ultraviolet

Absorbance (UVA)
Monomer residue

Infrared or nuclear magnetic resonance

identification [114]

PGA,PLA,PCL,PDO, etc.

Absorbable
materials

Catalyst residue (Tin)

Molecular weight and molecular weight

distribution

Organic solvents

residue

Monomer unit ratio (if applicable)

Water residue

Cross-linking reagents (Glutaraldehyde, epoxide)
DNA, Antigen and other immunogenic substances

Optical rotation (if applicable)

Bovine pericardium (B-PC), Porcine

pericardium (P-PC)

Non-absorbable

materials

Natural materials

Absorbable biological membrane materials such

as Porcine small intestine submucosa

Purified collagen

Absorbable
materials

PH

Identification

Residue on ignition
Impurity protein

analysis

Collagen purity

Hydroxyproline content
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For other aspects such as the evaluation of the effectiveness of tissue
remodeling, the NMPA will continue to carry out research on the eva-
luation of hernia mesh animal study and formulate new guidance
documents. Detailed discussion can be found in Section Four.

3.6. Premarket clinical evaluation

According to China's current laws and regulations for medical de-
vice registration, such as the Provisions for Medical Device Registration
[116] and the Guidance for Clinical Evaluation of Medical Devices, there
are three main approaches for clinical evaluation. First, for medical
devices listed in the Catalogue of Medical Devices Exempted from Clinical
Trial [117-121], premarket clinical investigation is exempted. Second,
for the medical devices that are not listed in the catalogue, clinical
evaluation can be conducted through equivalent comparison of safety
and effectiveness with the marketed medical devices. Third, for devices
that carry out premarket clinical investigation, clinical data from
overseas may also applicable for imported medical devices to apply for
registration in China.

Table 9 lists hernia mesh in the Catalogue of Medical Devices Ex-
empted from Clinical Trial since 2014 [117-121].

In 2019, the NMPA formulated the Guidance of Technical Review for
Animal Study of Intraperitoneal Hernia Mesh [93] on the basis of tech-
nical review of hernia mesh clinical trial data and a comprehensive
review of relevant literature. The guidance document reviewed related
design elements of clinical trial and offered corresponding suggestions,
such as the selection/exclusion criteria, endpoint, follow-up time,
control devices, sample size (including the proportion of different types
of hernia being studied together), statistical methods and results eva-
luation. In addition, the impact of test bias in terms of laparoscopic
surgery or open surgery, and doctors' operation quality on clinical trial
design were also analyzed and discussed.

3.7. Regulatory pathways for hernia mesh: U.S. FDA vs. NMPA

U.S. FDA has been conducting research on regulatory science for
hernia mesh devices. In terms of safety and effectiveness evaluation,
most of the products were cleared via premarket notification process,
i.e., 510(k). Submitted products were evaluated via comparing with
predicate devices to demonstrate substantially equivalency. Clinical
trials are not required [91].

NMPA has similar regulatory pathways for hernia mesh devices,
which are listing in the Catalogue of Medical Devices Exempted from
Clinical Trial [117-121] and clinical evaluation through equivalency
comparison of safety and effectiveness with the marketed medical de-
vice [86]. However, clinical trials are typically required for mesh with
tissue remodeling claims, which often cannot be demonstrated via
equivalency comparison.

4. Future perspectives

This section looks into the future prospects of regulatory science for
hernia mesh from the following aspects: evaluation methods of tissue-
remodeling and regeneration, application of computational modeling
technology, smart regulation based on big data platforms and real-
world data, and evidence analysis though evidence-based research
methods. The aspects mentioned above in the regulatory science for
hernia mesh are also cutting-edge research areas in biomaterial science,
regenerative medicine, and big data application.

4.1. Evaluation of tissue remodeling and regeneration

Tissue remodeling and regeneration performance are critical to the
safety and effectiveness of TRHM. One of the research areas for reg-
ulatory science of hernia mesh is to identify the tools and methods for
standardized evaluation of tissue regeneration and remodeling in the
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Table 8
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Fundamental elements in the design of animal study for intraperitoneal hernia mesh [93].

Fundamental elements

Animal species

Selection of control

Selection of evaluation criteria

Relevant content in the guidance

reactions.
Selection of observation time

Large mature animals (such as minipigs and beagles)
The most similar marketed intraperitoneal mesh in terms of material and structural design in China.
Adhesion strength, adhesion area, acceptable rate of adhesion, condition of newly-grown peritoneum, adverse reactions, and histological

For non-absorbable adhesion reducing materials, at least observe for 28 days after implantation. For absorbable adhesion reducing materials,

the observation period should be determined according to the expected time of complete degradation of the product.

Table 9
Hernia mesh in the Catalogue of Medical Devices Exempted from Clinical Trial.

Year and document No.

Revision of the catalogue and types of hernia mesh

2014CFDA Announcement No.13 [117]2016CFDA Announcement No.133
[118]2017CFDA Announcement No.170 [119]

The non-tissue remodeling non-intraperitoneal hernia mesh was listed in the Catalogue of Medical
Devices Exempted from Clinical Trial as first batch of implantable medical devices. The key

material of the mesh can only be polypropylene or polyethylene terephthalate, with partial
absorbable materials.

2018 NPMA Announcement No.94 [120]
2019 NPMA Announcement No.91 [121]

Non-intraperitoneal hernia mesh of PVDF material was added in the catalogue.
After the release of the Guidance of Technical Review for Animal Study of Intraperitoneal Hernia Mesh,

intraperitoneal NRHM was added to the exemption catalogue considering that the animal study for
intraperitoneal hernia mesh could be consistent with the guidance document on animal study.

*CFDA is the abbreviation of China Food and Drug Administration from 2013 to 2018.
NMPA is the abbreviation of National Medical Product Administration of China since 2018.

dynamics of changing local tissue microenvironment, material de-
gradation and host tissue response. Since the in vivo immune response
to the mesh directly affects the effectiveness of tissue remodeling and
regeneration, the evaluation method should be established based on
animal study [122].

At present, the following aspects should be considered for evalu-
ating remodeling and regeneration in the animal study. First, animal
models with abdominal wall defect should be selected. Material sam-
ples are removed regularly after implantation. On one hand, histolo-
gical analysis should be carried out to examine the degree of neo-
vascularization and other factors [123]. On the other hand, matching
between the degradation rate of mesh and tissue remodeling rate
should be studied through analysis of retrieved implants at different in
vivo periods [124].

At present, there are still a series of challenge facing the evaluation
of tissue remodeling and regeneration of hernia mesh. For example,
how to quantify the evaluation criteria of remodeling and regeneration?
Reports reveal that the polarization typing of macrophages M1 and M2
has a strong correlation with tissue remodeling. In situ polarization of
macrophages such as M1/M2 ratio can be used to accurately and
quantitatively characterize the remodeling progress [122,125,126].
These studies shed light upon the quantitative criteria to evaluate the
tissue remodeling or regeneration in different hernia mesh. The inter-
action between different hernia mesh and the host tissue in situ causes
different polarization results of macrophages. That is due to the dif-
ferences in microporous topological structure, degradation cycle and
degradation products among different hernia mesh. Scientific research
on tissue remodeling and regeneration also includes topics such as
collagen structure proportion [127], biomarkers related to host cell
proliferation, differentiation and regulation [127,128], characterization
parameters and test methods of tissue-remodeling microenvironment
[129], and advanced manufacturing technology of biomimetic ECM
[126,130].

4.2. Computational modeling

In the R & D and manufacturing of medical devices, device failure
models can be established utilizing finite element analysis (FEA)
[131,132] to predict the durability, fatigue and other performances
after long-term implantation. By identifying the worst-case scenario via
computational modeling, the manufacturer could save costs, shorten
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the R & D cycle, and accelerate market entry of products. As for hernia
mesh, research is focused on evaluating the mechanical compatibility
between the mesh and abdominal wall [106,133,134]. The mechanical
response of the mesh implanted in various anatomical layers of the
abdominal wall can also be simulated and analyzed through FEA
[106,135,136].

Computational modeling technologies use mathematical methods to
simulate the real-world situation. However, the study of biodegradation
and tissue-remodeling of hernia mesh involves the complex mechan-
isms of cell proliferation and metabolism in vivo. Therefore, computa-
tional modeling results must be combined with animal study results to
provide persuasive evidence.

4.3. Big data platform

Big data platforms bring new tools for regulatory science of medical
devices. For instance, there are 129 marketed hernia mesh products in
China, which provide massive data on safety and effectiveness eva-
luation from in vitro bench performance tests, animal study and clinical
investigation. Hernia mesh manufacturers, R&D institutes and reg-
ulatory agencies may upload their data into different database.
Regulatory agencies manage big data and conduct intelligent analysis
on different types of research. It is helpful to evaluate the safety and
effectiveness of future hernia mesh products.

Establishing the big data platforms is also beneficial to the post-
marketing surveillance of hernia mesh. Clinical registration database
provides the most concrete evidence for tracking adverse events, re-
evaluation of medical devices and revocation of registration certificate.
Since 1992, at least nine countries in Europe and the United States have
established domestic or international registration data platforms for
hernia operations. The data should include the following information:
information of patient, surgery, types of hernia mesh used, intra-op-
erative and postoperative complications and follow-up time [20,137].
The real-world data obtained from the above data platforms help re-
searchers evaluate both the long-term safety and effectiveness of hernia
mesh after implantation [67]and the efficacy of a certain surgical ap-
proach [138].

On December 29, 2017, the Chinese hernia registry and follow-up
system was officially launched, initiated by Beijing Chaoyang Hospital
of Capital Medical University of China. By the end of August 2019, a
total of 354 hospitals in China had joined the follow-up system, with a



W. Liu, et al.

total of 96,705 patients [139]. This big data platform collects and re-
cords the clinical performance and adverse events of hernia surgery
involving devices such as hernia mesh and mesh fixing devices. It also
provides systematic and traceable real-world data for the regulatory
decision-making of hernia mesh after market entry.

4.4. Evidence-based research

Evidence-based research is one of the key developments of regulatory
science for medical devices, because it generates powerful and substantial
evidence for the safety and effectiveness evaluation of medical devices. This
paper advocates “evidence-based regulatory science” and “evidence-based
technical review” for medical devices for the first time by applying the
evidence-based theory. By definition, “evidence-based regulatory science” is
“evaluating the safety, effectiveness, quality and performance of medical
devices in the total product life cycle on the basis of the actual needs of
regulatory science and in accordance with the theory of evidence-based
research and its relevant methods, standards and tools”. “Evidence-based
technical review” is the specific practice of technical review in evidence-
based regulatory science. It can be defined as “making scientific review
decisions on the safety, effectiveness and risk/benefit evaluation of medical
devices on the basis of the scientific evidence obtained from evidence-based
research, together with the expertise and experience of reviewers and with
full consideration over the clinical urgency for the devices by people of the
country due to public health contingencies and other reasons".

The application of evidence-based research in the regulatory science
for hernia mesh and other medical devices has the following two ad-
vantages. First, the registrant can obtain the supporting evidence of the
safety and effectiveness to the greatest extent through evidence-based
research method, so as to eliminate the unnecessary burden caused by
repeated research. Second, evidence-based research methods such as
systematic review and meta-analysis enable reviewers to have full ac-
cess to the accumulated evidence on the safety and effectiveness of
medical devices. Such evidence also helps identify the key risks of the
devices for future review decisions.

There have been evidence-based research reports on hernia mesh
[140-144]. Systematic reviews provide surgeons with reliable evi-
dence-based medical reference to choose the ideal hernia and abdom-
inal wall repair surgical technique [145]. They also present real-world
clinical data of permanent implanted medical devices such as hernia
mesh [146,147]. The post-market clinical research, long-term clinical
follow-up and related systematic reviews supply valuable evidence for
the long-term clinical safety and effectiveness of hernia mesh [148].

Evidence-based research can also be used to extract high-quality evi-
dence of safety and effectiveness from preclinical research data such as
hernia mesh bench performance tests, biocompatibility evaluation, and
preclinical animal study. For instance, the systematic review of preclinical
research can help determine whether a certain kind of material is suitable to
be used for hernia mesh. H. Liu systematically reviewed previous in-
traperitoneal hernia mesh animal study literatures on the evaluation of
adhesions, and conducted a meta-analysis on adhesions of intraperitoneal
hernia mesh coated with hyaluronic acid and carboxymethylcellulose (HA/
CMC) in animals. The results showed that the HA/CMC coating effectively
reduced adhesions of the hernia mesh at the 4th week [70].

5. Conclusion

Regulatory science for medical devices provides new tools, standards
and approaches for evaluating the safety, effectiveness, quality and perfor-
mance of medical devices in their total product life cycles. It is the multi-
disciplinary science in the service of medical device regulation.

Based on the evaluation of the safety and effectiveness of hernia
mesh, a typical biomaterial-based implantable medical device, this
paper categorizes the hernia mesh products based on four criteria, in-
cluding the repair mechanism, anatomical site, clinical indications and
hernia types, and manufacturing materials. Given the great varieties of
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hernia mesh materials, the complexity of materials and designs poses
both challenges and opportunities to the regulators, stimulating de-
velopment of regulatory science for such products.

The premarket technical review on safety and effectiveness is one of the
core research topics in regulatory science for hernia mesh. At present, China
NMPA has established an initial frame work of regulatory science for the
safety and effectiveness evaluation of hernia mesh, which consists of re-
levant laws, regulations, standards and technical guidance documents. The
framework also embodies safety and effectiveness evaluation evidence
covering bench performance tests, biocompatibility evaluation, biosafety
assessment, animal study and clinical evaluation. In the future, there will be
several promising directions in the research of regulatory science for hernia
mesh, including the application of computational modeling technologies,
tissue remodeling and regeneration evaluation in animal study, big data
platform, real-world data and evidence-based research methods. As a result
of regulatory science research, new tools, methods and standards are ex-
pected to be applied to the regulation of hernia mesh and other medical
devices.
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