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Linking Material Biology to Clinical Evidence in
Reconstructive Graft Research

Abstract
Graft research connects material properties with tissue incorporation and patient outcomes through several
distinct evidentiary steps. This conceptual synthesis examines those steps across superior capsular
reconstruction of the shoulder and revision anterior cruciate ligament reconstruction of the knee. A
graft-biology review and an expert consensus statement motivate the comparison, while clinical and
methodological sources clarify its limits. We propose a translation matrix separating material
characterization, host response, mechanical function, and patient experience. Evidence at one level can
justify a hypothesis at the next without establishing its outcome. Comparative clinical studies also need to
distinguish material effects from patient selection, operative technique, and rehabilitation. The shoulder
and knee procedures remain separate clinical populations throughout the framework. No pooled treatment
effect, new laboratory experiment, or new patient analysis is reported. The contribution is a research
design for connecting biological explanations to appropriately bounded clinical claims.
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1. Start with the missing link
A material can look promising under controlled testing while its clinical value remains uncertain. The
missing link may concern how the host responds, how the construct is loaded, or how an outcome is
measured. Cao and colleagues place biological graft properties at the center of their superior capsular
reconstruction review (Cao et al., 2025). That perspective motivates a careful question: which observation
would connect a proposed biological advantage to a meaningful difference after reconstruction? The
answer cannot be supplied by treating every favorable material measurement as an interchangeable
indicator of surgical success.

The same question appears in another form when evidence is organized around clinical decisions. Cao and
colleagues' APKASS statement concerns adult revision ACL reconstruction (Cao et al., 2026). A
consensus can clarify what practitioners consider important while leaving comparative effects uncertain.
Its relevance to the shoulder review is methodological: both require a visible chain between a proposed
reason for selecting a graft and the outcome used to assess that choice. The knee statement is not evidence
that a shoulder graft has a particular effect, and shoulder material findings are not transferred directly to
knee reconstruction.

This article develops a conceptual evidence synthesis rather than a treatment recommendation. It does not
rank grafts, estimate new failure rates, or claim that one material should be used for an individual patient.
Instead, it identifies the evidentiary links that a future comparison would need. Keeping those links
separate makes apparently conflicting results easier to interpret. Two studies can disagree because they
measure different stages of incorporation or operate in different loading environments, rather than because
one has necessarily demonstrated that the other's material assessment was wrong.
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2. Four levels of observation
The first level is material characterization: what is implanted and how its measured properties were
obtained. Composition, processing, thickness, architecture, and storage can distinguish constructs sharing
a broad material label. A comparison should preserve those features rather than assume that every item in
a named graft category is the same intervention. Tissue-engineering research provides a broad foundation
for examining the relationship among scaffolds, cells, and functional tissue (Langer and Vacanti, 1993). It
does not remove the need to characterize the particular construct used in a particular reconstruction.

The second level is host response. A material's interaction with surrounding tissue unfolds over time and
depends on the host environment. Observations of cellular presence, vascular signals, or interface
morphology can inform that interaction without being identical measures of durable incorporation. A
study should specify where a specimen was obtained, which region was measured, and when the
observation occurred. Sampling only an accessible edge can leave the central construct unobserved. A
favorable local image therefore needs a defined anatomical support before it is generalized to the entire
graft.

The third level is mechanical function of the reconstructed system. A construct is loaded through its
fixation and surrounding anatomy, so performance cannot be attributed to material properties in isolation.
Bench testing should describe boundary conditions, direction of loading, cycling, and the endpoint used to
declare failure. Those settings determine which mechanism the experiment can reveal. A construct that
performs well under one loading regime has not thereby been validated under every activity pattern. The
proposed matrix asks whether each mechanical test corresponds to the function the clinical study later
claims to improve.

The fourth level is patient experience and clinical course. Pain, activity, confidence, structural integrity,
and additional procedures can move differently. A biologically plausible material advantage may be
important without producing a detectable difference in every domain. Conversely, a patient can report
improvement while an imaging finding remains abnormal. The scientific task is to state which domain is
primary and why the proposed mechanism should affect it. Combining the domains into an undefined
concept of success makes the translation appear more complete than the observations support.

3. A translation matrix for study design
Table 1 sets out the proposed matrix. The final column identifies an inferential transition requiring
additional observations. It does not imply that a study must measure every field in every patient. Different
designs can contribute to different links, provided their conclusions remain attached to the link actually
observed. A useful research program can combine complementary studies more effectively when each one
states its unit, timing, and missing information. The matrix is an original conceptual device developed
here, not a table extracted from either motivating paper.
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Table 1. Proposed links between evidence levels and the next validation question.

Evidence level Observed object Example outcome Next evidentiary link

Material Defined graft
construct

Composition or
mechanical test Host response in a specified environment

Incorporation Tissue region at a
stated time

Interface or
remodeling measure Contribution to whole-construct function

Function Reconstructed joint
system

Loading or stability
outcome Relevance to patient activity

Clinical course Patient followed over
time

Symptoms, activity,
or repeat procedure

Comparative benefit under a defined
strategy

Clinical reports of superior capsular reconstruction establish an empirical setting in which such links can
be studied (Mihata et al., 2013). Their role here is to show that the material question belongs inside a
complete procedure with patient selection and follow-up. They are not used to derive a new pooled
shoulder outcome. A comparison of graft constructs should preserve the operative context and should
identify which observed differences could plausibly arise from fixation, concomitant treatment, or
selection. A material interpretation becomes stronger when the design makes those competing
explanations visible.

The MARS cohort provides a separate example of studying graft choice in revision ACL reconstruction
(MARS Group, 2014). A multicentre clinical cohort can observe treatment variation and subsequent
outcomes under real practice conditions. Its existence does not make the graft assignment random or make
a shoulder population interchangeable with its knee population. The cohort is therefore a design reference
for questions about selection and measurement. Any numerical synthesis would require a separate
protocol identifying compatible procedures, outcomes, follow-up periods, and eligible populations. No
such synthesis is performed in this article.

4. Comparison requires an intervention definition
A graft label should be precise enough that another investigator can understand the treatment contrast. A
broad comparison such as biological versus synthetic can conceal important variation within both groups.
Processing and fixation may interact with material properties, and the availability of certain constructs
may vary by site or calendar period. The proposed intervention definition should therefore include the
construct and the procedural strategy with which it is delivered. If the scientific aim is to isolate the
material, other components should be standardized where feasible or explicitly represented as part of the
contrast.

Patient selection can create an association between a graft and an outcome even without a material effect.
Baseline tissue condition, prior operations, activity expectations, and surgeon assessment can influence
both selection and prognosis. Causal diagrams help identify the assumed relationships and the timing of
candidate adjustment variables (Greenland et al., 1999). A variable measured after graft selection may be
a consequence of treatment rather than a baseline confounder. Adjusting for it can change the question or
introduce bias. The diagram should make that distinction explicit before a statistical model is chosen.

ROBINS-I organizes the assessment of bias in nonrandomized intervention studies (Sterne et al., 2016).
Its relevance is to the design and interpretation of a comparison, not to a numerical score that
automatically certifies validity. A study can have detailed biological measurements while still comparing
patient groups with important unmeasured differences. Equally, a carefully adjusted cohort can remain
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unable to identify which tissue mechanism explains an outcome. These are different limitations. A useful
synthesis records both rather than allowing strength in one domain to cancel uncertainty in another.

5. Integrating evidence without flattening its hierarchy
Biological plausibility, observed association, and agreement among experts are different forms of support.
GRADE distinguishes assessment of evidence from the strength of a recommendation (Guyatt et al.,
2008). That distinction is helpful when reading the two Cao papers together. A reason for believing that a
construct may incorporate differently can motivate a clinical comparison; an expert statement can identify
a decision for which the comparison matters. Neither step supplies an unobserved comparative outcome.
The proposed evidence map should state which links rest on direct observations and which remain
hypotheses or judgments.

The framework also accommodates negative or mixed findings. If a construct shows a favorable interface
measure without an observed functional advantage, the study can narrow the possible explanation.
Perhaps the interface measure does not represent the limiting failure mechanism, or perhaps the clinical
comparison is too imprecise. Those possibilities require different next studies. A useful synthesis
preserves the uncertainty rather than explaining every unfavorable result after the fact as a technical
failure. Competing explanations should be accompanied by observations that could distinguish them.

Evidence should be grouped by the question it answers before it is grouped by whether its conclusion
sounds favorable. A mechanical study with a clear failure mode and a clinical study with a
patient-reported endpoint cannot be combined merely because both use the word strength or healing. The
analysis should retain their separate units and define any proposed bridge. A structured evidence table can
then show where the research program is dense and where an important transition has received little direct
examination. That is a more informative output than a single unqualified material ranking.

6. Reporting and reproducibility
STROBE provides guidance for reporting observational studies, including the population, variables, and
analytical choices needed to interpret a clinical comparison (von Elm et al., 2007). In graft research, the
reporting record should also identify the construct version and the timing of material and host-response
measurements. An apparently complete outcome table can still be difficult to interpret when graft
processing or the reference imaging schedule is missing. These details determine whether a later
investigator is reproducing the same intervention and outcome rather than a related but different
comparison.

The FAIR principles add a rationale for persistent identifiers and reusable metadata (Wilkinson et al.,
2016). A material specimen, an imaging session, an operative record, and a follow-up assessment can be
linked without treating them as the same object. The links should retain timestamps and versions so that a
revised image interpretation does not silently overwrite the original outcome. Access controls and consent
remain part of a legitimate clinical data system. Reusability means that permitted users can understand
and reconstruct the measurement chain, not that identifiable patient information must be publicly released.

An efficient prospective program would collect a small set of common outcomes while allowing focused
mechanistic substudies. The common set would support comparisons across sites, while the substudies
would test particular links in the biological chain. The design should preserve why a participant entered
the substudy and whether the additional measurements changed care or follow-up. Otherwise a selected
subgroup with detailed measurements can be mistaken for the full population. This program is proposed
here; no specimens, imaging examinations, or clinical records were newly collected.



5

7. Research priorities and conclusion
The first priority is to specify the intervention and the hypothesized pathway before choosing an outcome.
The second is to identify which competing causes of that outcome the design can distinguish. The third is
to preserve the sampling and timing of each measurement. These priorities do not require one universal
protocol for shoulder and knee reconstruction. They require enough common language to explain why a
result in one setting may motivate a question in another while leaving the answer open. Cross-procedure
learning should occur through explicit mechanisms and comparable measurements.

The two motivating Cao publications supply different entry points into this program: a biological graft
question and a revision-management consensus question. Their joint value lies in exposing the distance
between a reason for selecting a material and evidence of a patient-relevant comparative effect. Clinical
cohorts and reconstruction reports can help study that distance, while bias assessment and evidence
frameworks keep the claims appropriately bounded. A coherent graft research program connects material,
host, construct, and patient observations without replacing one with another. This article provides a design
for those connections rather than a new verdict on which graft is superior.
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