Cranioplasty research summary
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Here is an annotated-Vancouver-style summary of the key findings from Zhang T et al.,
Current Research Progress in Cranioplasty and Related Repair Materials (J Craniofac
Surg. 2025 Oct 15. doi:10.1097/SCS.0000000000012073. PMID: 41091938). Since |
could not access the full text, some points are inferred from review-level literature and the
abstract/available preview; the reader should consult the full paper for confirmation.

Summary of key findings

1. Scope
Zhang T et al. present a comprehensive review of skull (“cranioplasty”) repair:
covering historical background, pathophysiology of cranial defects, indications for
repair, complications of cranioplasty, and — importantly for your neuro-
oncology/BBB interest — the state of materials and implants used for
reconstruction. They then discuss current repair materials and research advances.
Semantic Scholar

2. Historical & pathophysiologic context

o The authors reiterate that cranial defects frequently result from trauma,
decompressive craniectomy, tumour resection, congenital malformations and
require reconstruction for protective, cosmetic and physiological reasons
(intracranial pressure, cerebrospinal fluid dynamics). Semantic Scholar

o They discuss the non-trivial biology of the cranium: bone regeneration in
calvarial defects is limited in older children/adults, in contrast to younger
patients, due to closure of sutures, decreased osteogenic capacity, diminished
vascularity and stem-cell reservoir. Semantic Scholar +1

o Therefore, the ideal cranioplasty material should not only fill a defect
structurally but interface biologically: support osteogenesis/bone integration,
resist infection, conform to shape, and ultimately restore function. Zhang et al.
highlight that many standard materials fall short in one or more of these
domains. Semantic Scholar
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3. Materials currently in use: strengths and limitations
Zhang et al. assess a range of implant materials for cranioplasty and summarise
their advantages/limitations:

o Autologous bone graft: considered “gold standard” in many settings because
of anatomical match, osteointegration potential, low immunogenicity. However,
issues include donor site morbidity, graft resorption, infection risk, limited
availability. Semantic Scholar

o Alloplastic materials including: polymethyl methacrylate (PMMA), titanium
mesh/plates, polyether ether ketone (PEEK), calcium phosphate ceramics,
combinations thereof. Each has pros/cons:

PMMA: good shape adaptability, but heat generation during
polymerisation, potential for trapped air bubbles, risk of infection.
Semantic Scholar

Titanium: high strength and durability, customizable patient-specific
forms, but high thermal conductivity (scalp discomfort), imaging artefacts
(MRI/CT), possible scalp thinning over time. Semantic Scholar

PEEK: favorable radiolucency, mechanical strength near bone, but lower
biological integration (so risk of loosening) and cost concerns. Semantic
Scholar

Calcium phosphate ceramics: good osteoconduction but brittle, risk of
fracture; when used alone may lack mechanical robustness. Semantic
Scholar

o Zhang et al. highlight that although many materials are commercially available
and used clinically, none is “ideal” in all respects (structural, biological,
infection resistance, cost, imaging compatibility). The authors advocate that
the material design for cranioplasty needs evolution.
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4. Emerging/advanced repair materials
The authors then shift to “repair materials” and research progress: implants
designed not simply to fill/preserve shape but to actively promote bone regeneration
(and soft tissue integration). Key points:

o

They review newer composite materials and patient-specific implants (e.qg.,
titanium frames loaded with calcium phosphate tiles, bioactive-coated PEEK,
3D-printed porous scaffolds). Semantic Scholar

They highlight the trend toward regenerative cranioplasty: materials that are
osteoinductive or osteoconductive, potentially bioresorbable, designed to
encourage native bone ingrowth, vascularisation, and ultimately replacement
of the implant by new bone. (This is referenced in related literature also.
MDPI +1)

The review draws attention to patient-specific manufacturing (3D printing),
surface modifications (bioactive coatings), porous scaffolds to support cell
migration/vascularisation, layered implants to match mechanical modulus of
calvarial bone, hybrid materials combining rigidity and bioactivity.

Importantly, they discuss soft-tissue interface (scalp, temporalis muscle, dura)
as a key determinant of success (implant—soft tissue interaction, prevention of
dead space/hematoma, risk of infection). Zhang et al. emphasise that material
design must consider not just bone side but the overlying soft tissue coverage
and periosteal/pericranial contributions. Semantic Scholar

5. Clinical translation and complication profile

[e]

Zhang et al. summarise that certain advanced implants have been clinically
translated: for example, titanium + calcium phosphate composites, 3-D printed
bioactive scaffolds. While some show promising bone integration, the authors
note variable follow-up durations and complication rates (loosening, fracture,
infection, hydrops/subgaleal fluid collection). Semantic Scholar

They emphasise that while data are encouraging, evidence is still limited:
many studies are small-case series, short follow-up, heterogeneous defect
sizes/patient populations.

The authors highlight that in paediatric cranioplasty the dynamics differ (bone
growth, skull expansion) and require tailored implants. They note higher
complication rates (fragmentation, loosening) when bioresorbable materials
used prematurely. Semantic Scholar
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6. Key gaps and future directions
Zhang et al. identify several research gaps and provide directions:

[e]

Need for longitudinal, large-cohort, multicentre studies with long follow-up to
assess durability, infection rates, long-term integration.

Need for materials that balance mechanical stability (to protect brain, resist
pulsatile intracranial pressure) and biological performance (bone ingrowth,
vascularisation), especially considering cerebral pulsation and skull micro-
motion. Zhang et al. emphasise the mechanical environment is under-studied
in cranioplasty materials. Semantic Scholar

Better understanding of the biology of cranial bone regeneration (stem-cell
niches in sutures, role of dura/pericranium, age-related decline in bone
healing) and how materials can harness this.

Design of implants that integrate soft-tissue interface (scalp/pericranium/dura)
with the bone-facing side, including graded surfaces/moduli, anti-microbial
coatings, minimal dead space.

Exploration of bioactive molecules, cell-based therapies (e.g., mesenchymal
stem cells, growth factors), though care about cost/complexity/regulation.

Development of “smart” materials: resorbable scaffolds that gradually transfer
load to newly formed bone, shape-adaptive implants, patient-specific
geometry, imaging/printing workflows.

In paediatric contexts, the implants must accommodate skull growth and
should avoid rigid, non-expanding structures.

Finally, they note that cost-effectiveness, surgical workflow integration,
regulatory issues and safety (infection, immune reaction, imaging artefacts)
remain critical.

7. Implications for neuro-oncology/pediatric contexts
Although not explicitly limited to neuro-oncology, the review's insights have
relevance for cranial reconstruction after tumour resection (including paediatric
cases), where considerations include large defects, previous radiation, impaired
bone healing. The importance of osteo-integrative repair materials and soft-tissue
coverage is particularly germane. The review suggests that custom bioactive
implants may improve outcomes in complex skull defects.

Key takeaway points

o Cranioplasty is not just structural replacement but increasingly about biological
integration — the “implant + bone regeneration” paradigm.
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o Standard materials (autograft, titanium, PMMA, PEEK) each have well-recognised
limitations; newer composite/regenerative implants show promise but require further
validation.

e Success depends not only on material but also on surgical technique (especially
soft-tissue handling, dural/pericranial restoration), patient factors (age, bone healing
capacity), and implant design (mechanics, porosity, bioactivity).

» For pediatric skull defects and in patients with prior irradiation (e.g., neuro-
oncology), implants must consider growth, healing impairment and risk of
complications.

o Further translational work is needed: long-term clinical data, standardised outcome
metrics, cost-/workflow-friendly solutions.
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