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Background: Subchondral drilling is an established marrow stimulation technique for small cartilage defects, but whether drilling
is required at all and if the drill hole density affects repair remains unclear.

Hypotheses: Osteochondral repair is improved when the subchondral bone is perforated by a higher number of drill holes per unit
area, and drilling is superior to defect debridement alone.

Study Design: Controlled laboratory study.

Methods: Rectangular full-thickness chondral defects (4 X 8 mm) were created in the trochlea of adult sheep (N = 16), debrided
down to the subchondral bone plate without further treatment as controls (no treatment; n = 7) or treated with either 2 or6 (n =7
each) subchondral drill holes (diameter, 1.0 mm; depth, 10.0 mm). Osteochondral repair was assessed at 6 months postopera-
tively by standardized (semi-)quantitative macroscopic, histological, immunohistochemical, biochemical, and micro-computed
tomography analyses.

Results: Compared with defect debridement alone, histological overall cartilaginous repair tissue quality (P = .025) and the mac-
roscopic aspect of the adjacent cartilage (P < .032) were improved after both drilling densities. Only drilling with 6 holes increased
type 2 collagen content in the repair tissue compared with controls (P = .038). After debridement, bone mineral density was sig-
nificantly decreased in the subchondral bone plate (P < .015) and the subarticular spongiosa (P < .041) compared with both dril-
ling groups. Debridement also significantly increased intralesional osteophyte sectional area compared with drilling (P < .034). No
other differences in osteochondral repair existed between subchondral drilling with 6 or 2 drill holes.

Conclusion: Subchondral drilling independent of drill hole density significantly improves structural cartilage repair compared with
sole defect debridement of full-thickness cartilage defects in sheep after 6 months. Subchondral drilling also leads to a better
reconstitution of the subchondral bone compartment below the defects. Simultaneously, drilling reduced the formation of intra-
lesional osteophytes caused by osseous overgrowth compared with debridement.

Clinical Relevance: These results have important clinical implications, as they support subchondral drilling independent of drill
hole number but discourage debridement alone for the treatment of small cartilage defects. Clinical studies are warranted to fur-
ther quantify the effects of subchondral drilling in similar settings.
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Small focal chondral defects are commonly treated with is frequently used because it is applicable to regions with
marrow stimulation techniques such as microfracture, sub- difficult arthroscopic access, it is not associated with possi-
chondral drilling, and abrasion.!?19475%55 Microfracture ble thermal damage,®*®® and no undesired breakage of

a drill bit by accidentally flexing the device can occur. How-
ever, bone impaction®®® and confluent holes with unpre-

. . dictable 3-dimensional (3D) geometry®® may result from
12—822/3\;(1)?1" g?;e‘égg;lgm Spors Medicing an inaccurate technique and possibly lead to subchondral
DOI: 10.1177/03635465221104775 bone alterations.?” Subchondral drilling is a cutting pro-
© 2022 The Author(s) cess using rotating surgical drill bits or Kirschner (K)
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wires'?*7 to create potentially deep cylindrical holes in the
debrided®!! subchondral bone. Both techniques result in
fibrocartilaginous repair,'**! while the subchondral bone
is remodeled.*!®! Tan Scott Smilie®® introduced drilling in
1957 for osteochondritis dissecans, and Kenneth Pridie®’
for osteoarthritis in 1959. Clinical studies report fair short-
and midterm results,>*%*®5% although no cartilage regen-
eration occurs.??°

Several preclinical studies have investigated the effect
of surgical methodological parameters of the procedure,'?
including the influence of drill hole diameter,'® drilling
depth,® debridement,”*® location,*® cooled irrigation
during drilling,"® cutting device,® 3D instrument morphol-
ogies,?® supportive biomaterials,'®'%!® and adjunctive
treatments.?®%6 To the best of our knowledge, the influence
of drill hole number on cartilage repair, however, remains
unknown. In theory, a higher number of drill holes per unit
area may allow for increased access of reparative elements
while reducing the stability of the subchondral bone plate,
although a causal link has not yet been confirmed.?® More-
over, whether focal perforations of the subchondral bone
plate are required at all remains controversial,? since
debridement of chondral lesions alone may also provide
some access to subchondral sinusoids.®

We investigated the effect of drill hole density on osteo-
chondral repair in the knee joint of adult sheep. We first
tested the hypothesis that cartilage repair is improved
when the subchondral bone plate is perforated with
a higher number of drill holes. Second, we tested the
hypothesis that subchondral drilling per se is superior to
defect debridement alone.

METHODS

Study Design

Standardized rectangular full-thickness chondral defects
(4 X 8 mm) were created in the lateral trochlea of adult
sheep (Figure 1A). In all defects, the entire calcified carti-
lage layer was debrided down to the subchondral bone
plate, which was left intact. Next, standardized subchon-
dral drilling (diameter, 1.0 mm; depth, 10.0 mm) of the
debrided defects was performed (Figure 1B) using K-wires
applying either a high (6 holes; n = 7 defects) or low (2
holes; n = 7 defects) density of drill holes. Adjusted to
the defect area (32.0 mm?; 100%), 6 drill holes (each
0.79 mm?; total perforated area, 4.71 mm?; 15%) represent
the maximal number of drill holes that would not lead to
unwanted hole confluence respecting a minimum distance
of 1.5 to 2.0 mm?! between individual drill holes. Two drill
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Figure 1. (A) Standardized rectangular (4 X 8 mm; 32 mm?)
full-thickness chondral defects were created in the ovine lat-
eral femoral trochlea with a custom-made, rectangular
punch. The defect was debrided down to the subchondral
bone with meticulous removal of the entire calcified cartilage
layer. Debridement was performed with a clinical rectangular
curette. (B) Subsequently, standardized subchondral drill
holes (diameter, 1 mm; depth, 10 mm) were introduced per-
pendicular to the joint surface in the 2 treatment groups using
Kirschner wires. Light blue color, hyaline articular cartilage;
dark blue color, calcified cartilage; yellow color, subchondral
bone; violet line, tidemark; gray line, cement line. (C) Treated
defects received 2 or 6 drill holes in a standardized pattern.
Controls were identically debrided but did not receive drilling.
(D) Intraoperative photographs after treatment.
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holes (total perforated area, 1.57 mm?) involving only 5% of
the defect area were chosen to represent a low drill hole
density. A third group of control defects was identically
debrided but received no drilling (no treatment; n = 7
defects) (Figure 1C). Treatment and control procedures
were randomized by arbitrarily alternating left and right
knees. Osteochondral repair was assessed ex vivo after sac-
rifice and sample retrieval by 2 blinded observers (N.S.,
P.0.) at 6 months postoperatively. Cartilage repair was
evaluated by established semiquantitative macroscopic,
histological, immunohistochemical scoring, and biochemi-
cal analyses. The subchondral bone was analyzed by histo-
logical scoring and micro—computed tomography (micro-
CT).'*3**1 A protocol including the research question,
key design features, and analysis plan was submitted
with the animal application.

Animal Experiments

All animal experiments were conducted in agreement with
the national legislation on protection of animals and the
National Institutes of Health (NIH) Guidelines for the
Care and Use of Laboratory Animals (NIH Publication
85-23; Rev 1985) and were approved by the local govern-
mental animal care committee (20/2011). Skeletally
mature, healthy, female Merino sheep (n = 17; mean age,
34 * 8 months; mean (+SD) body weight [BW], 77.1 =
4.4 kg) received water ad libitum and were fed a standard
diet. Sample size requirements were calculated based on
80% statistical power using the 2-sample Student ¢ test
based on comparable previous studies.!®3%4344 For the
current mixed unilateral/bilateral study design, a sample
size of 8 knees per treatment group and 7 knees in the con-
trol group (no treatment) was adopted (23 knees, 17 sheep).
One sheep was excluded as a consequence of a postopera-
tive joint infection, which was our a priori established
exclusion criterion. All other animals (21 knee joints, 16
sheep) were included in further analyses. All animals
were kept in appropriate stalls and continuously moni-
tored by a veterinarian. After a 12-hour fast, animals
were sedated with 1% xylazine administered intramuscu-
larly (Bayer) at 0.05 mg/kg BW and endotracheally intu-
bated after intravenous administration of 30 mL of 1%
propofol (AstraZeneca). Anesthesia was maintained by
inhalation of 1.5% isoflurane (Baxter) and intravenous
administration of propofol (6-20 mg/kg BW/h). Surgical
exposure was performed as previously described.*? Stan-
dardized rectangular full-thickness chondral defects (n =
21; 4 X 8 mm; 32 mm?) were created in the lateral femoral
trochlea with a custom-made, rectangular punch (Aescu-
lap) (Figure 1A). The entire calcified cartilage layer was
carefully removed down to the subchondral bone plate,
which was not abraded (Figure 1A). No bleeding from the
exposed subchondral bone plate was observed before sub-
chondral drilling. Either 2 or 6 drill holes (constant diam-
eter, 1.0 mm) were then introduced perpendicular to the
joint surface within 14 of 21 defects (2 drill holes, 7 defects;
6 drill holes, 7 defects) using K-wires with a threaded tro-
car tip driven by a power drill (MBQ 700; De Soutter
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Medical Limited) (Figure 1, B and C). A rigid metallic drill
sleeve used as drilling stop enabled standardization of the
drilling depth (10 mm). Drilling was always performed
under constant irrigation (saline) to avoid thermal necro-
sis. Seven defects did not receive subchondral drilling
and served as controls (Figure 1C). In detail, 10 defects
treated with either 2 or 6 drill holes were created bilater-
ally in the same animal (right and left knees alternating
between treatment groups; n = 10 defects in 5 animals).
The remaining defects treated-by subchondral drilling (n
= 4) as well as all control defects (no treatment; n = 7)
were created 1-sided in independent animals (n = 11
defects in n = 11 animals). Contralateral joints received
cartilage defects through comparable surgical procedures
(identical approach and extent of arthrotomy, size, geome-
try, depth, location of defect, marrow stimulation proce-
dure) in the context of an unpublished study. Joints were
closed in layers after thorough rinsing. Hence, all sheep
were operated bilaterally and were allowed immediate
full weightbearing. No apparent clinical differences in
pain or individual joint loading were noted in any of the
animals postoperatively.

Postoperatively, 3 mL of 0.25% fenpipramide/levome-
thadone (MSD) and streptomycine/benzylpenicillin
(12/7 mg/kg BW; Albrecht) were applied intramuscularly.
Carprofen (1.4 mg/kg BW; Pfizer) was administered daily
subcutaneously for 2 weeks.

Animals were sacrificed 6 months postoperatively.
Immediately after sacrifice, the defects were photo-docu-
mented using standardized illumination conditions.!” The
repair tissue from the proximal halves of the defects (4
X 4 mm) and the adjacent articular cartilage within
3 mm directly neighboring the proximal defect borders (4
X 3 mm) were retrieved and stored at —80°C for biochem-
ical analyses. The remaining osteochondral units were
trimmed and stored in 70% ethanol until further analytical
processing.

Evaluations of Articular Cartilage Repair

Based on the photographs of the entire defect area (n = 21),
macroscopic evaluation of articular cartilage repair was
performed by 2 blinded investigators (N.S., P.O.) applying
a validated inverse scoring system'” (20 points, no repair;
0 points, normal articular cartilage). Degenerative changes
of the articular cartilage surface adjacent to the distal
defect halves were stained with India ink.2” Osteoarthritis
changes were manually measured on digitalized photo-
graphs (analySIS 5.0; Olympus Soft Imaging System)
within a standardized region of interest (width, 2.5 mm;
area, 42.5 mm?) surrounding the distal defect halves.

For histological evaluation, osteochondral specimens
were trimmed, decalcified, dehydrated, and paraffin
embedded. Coronary sections (4 um) of the distal defect
halves were stained with safranin orange/fast green (safra-
nin O) and hematoxylin and eosin.?® Osteochondral repair
was semiquantitatively graded*® (31 points, no repair;
0 points, regeneration) on 8 to 10 histological sections per
defect taken from the center of the distal defect halves (total
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of 176 sections). All histological scoring was performed
blinded by 2 independent investigators (N.S., P.O.) (magni-
fication, X 20 and X 40) using a solid-state CCD camera
mounted on a BX-45 light microscope (Olympus).

For immunohistochemical detection of type 1 and 2 colla-
gen, deparaffinized sections were exposed to a 1/90 dilution
of a monoclonal mouse anti-type 1 or a 1/45 dilution of
a monoclonal mouse anti—type 2 collagen immunoglobulin
G (both Acris) and then exposed to a 1/200 dilution of a bio-
tinylated goat anti-mouse immunoglobulin G secondary
antibody (Vector Laboratories). Type 1 and 2 collagen
immunoreactivities were evaluated on 1 section per defect
taken from the center of the distal defect halves, respec-
tively (n = 42 sections). Immunoreactivity to type 1 collagen
in the repair tissue was compared with that of the adjacent
subchondral bone, serving as a positive internal control (0
points, no immunoreactivity; 1 point, significantly weaker;
2 points, moderately weaker; 3 points, similar; 4 points,
stronger immunoreactivity).3® Immunoreactivity to type 2
collagen in the repair tissue was compared with that of
the adjacent articular cartilage applying an identical semi-
quantitative grading.3®

Degenerative changes in the adjacent cartilage were
graded within 3 mm of the lateral and medial borders of
the defect area on 3 safranin O—stained sections per defect
(distal, middle, proximal; n = 63 sections) semiquantita-
tively?* (25 points, severe degeneration; 0 points, normal
cartilage).

For biochemical analyses of the cartilaginous repair tis-
sue (proximal defect halves) and directly adjacent cartilage
(within 3 mm of the proximal defect border) (n = 21 sam-
ples each), samples were digested for 24 hours in papain
solution (0.5 mg/mL; diluted in phosphate-buffered saline)
at 60°C to 64°C. The deoxyribonucleic acid (DNA) content
was determined by Hoechst 33258 assay.?’ The bicincho-
ninic acid test was used for detecting the protein content.>
Proteoglycan concentrations were measured spectrophoto-
metrically by binding to dimethylmethylene blue dye (pH
3.5),3% while chondroitin-6-sulfate served as standard. All
measurements were performed using a spectrophotome-
ter/fluorometer (GENios; Tecan).

Micro-CT Imaging of the Subchondral Bone

The subchondral bone plate and subarticular spongiosa
beneath the cartilage defects (defect areas; n = 21), directly
adjacent to defects (adjacent areas; n = 21), and adjacent to
defects with ample distance (normal controls; n = 21) were
separately assessed using a microfocused radiographic CT
scanner (Skyscan 1172; Bruker) with a spatial resolution of
14 pm.*

The subchondral bone compartment was segmented into
the volumes of interest (VOIs) “subchondral bone plate—
defect,” “subchondral bone plate—adjacent,” and “subchondral
bone plate—normal,” as well as “subarticular spongiosa—
defect,” “subarticular spongiosa—adjacent,” and “subarticular
spongiosa—normal” (CTAnalyzer, Skyscan).*! The VOIs “sub-
chondral bone plate-normal” and “subarticular spongiosa—
normal” were placed adjacent to the defect with a minimum
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distance of 3.5 mm and served as normal controls. For data
presentation, the VOIs “subchondral bone plate-adjacent”
and “subarticular spongiosa—adjacent” as well as “subchon-
dral bone plate-normal” and “subarticular spongiosa—nor-
mal” of all 3 groups were consolidated, respectively
(Appendix Tables A3 and A4, available in the online version
of this article). The total depth of all VOIs did not exceed
10 mm, whereas the total width was restricted to 3.5 mm.
Overlapping of VOIs was strictly avoided.

The following 3D structural parameters were deter-
mined within all VOIs: bone mineral density (BMD),
bone volume fraction, bone surface/volume ratio, and
bone surface density. Cortical thickness was measured
only within the subchondral bone plate, while trabecular
thickness, trabecular separation, trabecular pattern factor,
trabecular number, structure model index, degree of
anisotropy (DA), and fractal dimension were determined
only in the subarticular spongiosa.

Measurements of intralesional osteophytes were per-
formed as previously described.'* Maximum height, base
diameter, longitudinal diameter, maximum longitudinal
sectional area, and 3D volume were measured and location
was reported (central: between drill holes; peripheral:
between drill hole and defect border) for all defects (n =
21) (CTAnalyzer, Skyscan). Grades of osteophyte over-
growth were determined based on a magnetic resonance
imaging grading system,?° compared with the adjacent car-
tilage thickness (grade 0, no overgrowth; grade 1, maximal
osteophyte height 1%-33% of chondral thickness; grade 2,
maximal osteophyte height 34%-66% of thickness; grade
3, maximal osteophyte height >67% of thickness).?° The
adjacent cartilage thickness was measured within 3 mm
of the respective medial and lateral defect borders on safra-
nin O—stained histological sections (n = 2 X 18).

Statistical Analysis

In compliance with the Kolmogorov-Smirnov goodness-of-
fit test, all data were nonnormally distributed. Data were
analyzed using the Kruskal-Wallis H test to compare all
3 groups for each parameter. The Mann-Whitney U test
was used to compare the individual differences between
single groups. Distributions of the respective data are
given as mean and 95% CI. Regarding the incidence rates
of osteophyte formations, groups were compared using the
chi-square test. A P value <.05 was considered significant.
All tests were performed applying the SPSS Statistics soft-
ware (Version 26.0; IBM).

RESULTS

Analyses of Articular Cartilage Repair

Semiquantitative analysis of macroscopic repair'” (Figure
2A) yielded no significant differences between all groups
for all individual parameters (P > .518) and mean total
score value (P = .768) (Table 1). Histological grading®® of
the repair tissue (Table 2) revealed that either subchondral
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Figure 2. (A) Semiquantitative macroscopic analysis of the repair tissue'” yielded no significant differences between the different
treatment groups (6 or 2 drill holes) and the debrided controls (no treatment) for all individual parameters and the mean total score
value. (B) Semiquantitative histological grading of the cartilaginous repair tissue according to Sellers et al*® revealed that either
subchondral drilling technique significantly improved the histological total score value compared with debrided defects. (C)
Among others, 2 and 6 drill holes improved the single parameter of defect filling compared with debridement. (D) Immunoreac-
tivity for type 1 collagen was not significantly different between all 3 groups. (E) Subchondral drilling by 6 drill holes significantly
increased type 2 collagen content compared with debridement. *P < .05 for 6 drill holes versus debridement; SP < .05 for 2 drill
holes versus debridement. Triangles indicate defect borders. The interrupted lines mark the course of an intact cartilage surface.
Scale bars: (A) 4 mm, (B) 2 mm, (C) 1 mm, and (D, E) 2 mm.
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Parameter

Color of repair tissue

Presence of blood vessels

Surface of repair tissue

Filling of defect

Degeneration of adjacent articular cartilage

TABLE 1
Semiquantitative Macroscopic Analysis of Articular Cartilage Repair®
Defect Treatment After Debridement P Value®
6 Drill Holes 2 Drill Holes No Treatment Overall Specific
0.6 (0.0 to 1.1) 0.6 (0.2 to 1.1) 1.5 (0.2 to 3.2) .843 ND
0.7 (0.0 to 1.5) 0.5 (0.0 to 1.0) 0.4 (0.2 to 1.00) 672 ND
1.7 (1.0 to 2.4) 1.5 (0.7 to 2.2) 2.2 (0.8 to 3.6) .591 ND
0.6 (0.4 to 0.9) 0.8 (0.5 to 1.1) 1.5 (0.2 to 2.8) 518 ND
1.4 (0.8 to 2.0) 1.6 (0.9 to 2.3) 1.9 (0.8 to 2.9) .632 ND
5.0 (2.8 to 7.3) 5.0 (3.1 to 6.8) 7.5 (2.2 to 12.8) .768 ND

Mean total score

9Results are reported as mean (95% CI). Validated grading system!”: 20 = no repair; 0 = complete regeneration. ND, not determined.
bFor overall P values, a Kruskal-Wallis H test was performed. For specific P values, Mann-Whitney U tests were performed.

TABLE 2
Semiquantitative Histological Analysis of Articular Cartilage Repair®
Defect Treatment After Debridement P Value®

Parameter 6 Drill Holes 2 Drill Holes No Treatment Overall Specific
Filling of defect 1.3 (0.9-1.6) 1.4 (1.0-1.7) 2.0 (1.6-2.5) .048 .032d; .043°
Integration of repair tissue 1.7 (1.5-1.8) 2.0 (1.9-2.2) 2.0 (1.8-2.2) .009 NS
Matrix staining 3.4 (3.2-3.6) 3.4 (3.2-3.6) 2.9 (2.6-3.2) .010 .012d; .006°
Cellular morphology 2.6 (2.4-2.9) 2.5 (2.3-2.8) 2.8 (2.4-3.2) .536 ND
Architecture within defect 2.2 (1.8-2.6) 2.2 (1.8-2.7) 2.8 (2.4-3.3) .048 .028d; .036°
Architecture of surface 2.5 (2.3-2.8) 1.9 (1.7-2.2) 2.8 (2.7-2.9) <.001 <.001%¢
New subchondral bone 0.0 (0.0-0.0) 0.1 (0.0-0.2) 0.0 (0.0-0.0) .010 NS
Tidemark 4.0 (4.0-4.0) 4.0 (4.0-4.0) 4.0 (4.0-4.0) >.99 ND
Mean total score 17.7 (16.7-18.6) 17.5 (16.5-18.5) 19.3 (18.0-20.7) .025 .009d; .033°

“Results are reported as mean (95% CI). Grading system according to Sellers et al*®: 31 = no repair; 0 = complete regeneration. ND, not

determined; NS, no significance.

bFor overall P values, a Kruskal-Wallis H test was performed. For specific P values, Mann-Whitney U tests were performed.

°P < .05 for 6 drill holes versus 2 drill holes.
4dp < 05 for 6 drill holes versus no treatment.
¢P < .05 for 2 drill holes versus no treatment.

drilling technique significantly improved the histological
total score value compared with only debrided defects (no
treatment) (P < .033) (Figure 2B). Both 2 and 6 drill holes
significantly improved the parameter “filling of the defect”
(P < .043) (Figure 2C). Any drilling procedure also signifi-
cantly enhanced the individual parameter “architecture
within defect” (P < .036) while significantly decreasing
matrix staining compared with untreated defects (P < .012)
(Table 2). Two drill holes significantly improved “architecture
of surface” compared with untreated defects (P < .001) (Table
2). When comparing 2 drill holes with 6 drill holes, the drill
hole number had no significant influence on the overall his-
tological outcome of the repair tissue (P > .774), although 2
drill holes significantly improved architecture of surface com-
pared with 6 drill holes (P < .001).

Subchondral drilling by 6 holes significantly increased
the type 2 collagen content (Figure 2E) of the repair tissue
compared with untreated defects (P = .038) (Table 3). No
significant differences were observed between the other
groups (P > .103). Immunoreactivity for type 1 collagen
was not significantly different between all groups (P >

.664) (Figure 2D, Table 3). DNA and proteoglycan contents
of the repair tissue and the adjacent cartilage were not sig-
nificantly different between 2 and 6 drill holes and
untreated defects (P > .073 and P > .297, respectively)
(Appendix Table Al, available online).

Adjacent to the defects, the area affected by macroscopic
osteoarthritis was significantly smaller in both drilling
groups compared with untreated defects (P < .032) (Table
4), without a significant difference between 2 and 6 drill
holes (P = .421). Histological scoring of osteoarthritis
revealed no significant differences between the groups for
individual parameters (P > .074) and the mean total score
(P = .743) except for a significantly increased cluster for-
mation when 6 drill holes were compared with both other
groups (P < .023) (Appendix Table A2, available online).

Microstructural Analyses of the Subchondral Bone

In the subchondral bone plate beneath the defects, debride-
ment significantly decreased the BMD compared with 2
and 6 drill holes (P < .015). Bone volume fraction (P =
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TABLE 3
Semiquantitative Analysis of the Immunoreactivities for Type 1 and 2 Collagen Within the Cartilaginous Repair Tissue®

Defect Treatment After Debridement

Parameter 6 Drill Holes 2 Drill Holes No Treatment Specific P Value®
Type 1 collagen 1.9 (1.2-2.5) 1.9 (1.2-2.5) 1.6 (0.9-2.3) NS
Type 2 collagen 3.7 (3.3-4.2) 2.7 (1.7-3.7) 2.2 (0.4-4.0) .038°¢

“Results are reported as mean (95% CI). Immunoreactivity for type 1 collagen was semiquantitatively compared with adjacent subchon-
dral bone®®; 0 = no immunoreactivity; 4 = stronger immunoreactivity than in the subchondral bone. Immunoreactivity for type 2 collagen was
semiquantitatively compared with adjacent articular cartilage®: 0 = no immunoreactivity; 4 = stronger immunoreactivity than in the adja-

cent articular cartilage. NS, no significance.
bFor specific P values, Mann-Whitney U tests were performed.
‘P < .05 for 6 drill holes versus no treatment.

TABLE 4
Quantitative Analysis of Macroscopic Degenerative Changes Within the Adjacent Articular Cartilage®

Defect Treatment After Debridement

Parameter 6 Drill Holes

2 Drill Holes

No Treatment Specific P Value®

Area, mm? 3.0 (1.9-4.0)

2.4 (0.6-4.3)

5.9 (3.3-8.4) .032% .016¢

“Results are reported as mean (95% CI). The articular cartilage surface adjacent to the defects was stained with India ink.2” Areas with
osteoarthritic changes within a standardized region of interest (width, 3.5-4.0 mm; area, 70 mm?) surrounding the defect were quantified.

®For specific P values, Mann-Whitney U tests were performed.
‘P < .05 for 6 drill holes versus no treatment.
4p < .05 for 2 drill holes versus no treatment.

.002), bone surface density (P < .015), and cortical thick-
ness (P < .007) were significantly reduced in all groups
compared with a normal subchondral bone plate. No other
significant differences were detected (P > .699) (Appendix
Table A3, available online). In the subarticular spongiosa
beneath the defects, BMD was also significantly reduced
after debridement compared with both drilling treatments
(P <.041) and the normal subarticular spongiosa (P = .023)
(Appendix Table A4, available online). Trabecular thick-
ness was significantly decreased after the application of 2
and 6 drill holes (P < .048) compared with no treatment.
Fractal dimension of the subarticular spongiosa was signif-
icantly lower after debridement compared with both dril-
ling groups (P < .006) and normal controls (P = .001). All
groups showed a significantly decreased DA compared
with the normal subarticular spongiosa (P < .001). Two
drill holes significantly increased bone surface density (P
= .041) and structure model index (P = .024) compared
with normal controls. No significant differences in other
parameters were detected (P > .310).

In the subarticular spongiosa adjacent to the defects,
DA was significantly decreased compared with normal con-
trols in all 3 groups (P < .037) and fractal dimension was
reduced after debridement when compared with normal
controls (P = .048) and with 2-drill hole treatment (P =
.036) (Appendix Table A4, available online). For all other
single parameters, no significant differences existed within
the adjacent subchondral bone plate (P > .078) (Appendix
Table A3, available online) and subarticular spongiosa

(P > .095) (Appendix Table A4, available online) between
all groups and compared with normal controls.

Investigation of Intralesional Osteophytes

Intralesional osteophytes emerged in all groups (Figure 3,
Table 5). Osteophytes in solely debrided defects were con-
siderably larger and occupied a greater maximum longitu-
dinal sectional area than in both drilling groups. In these
untreated defects, osteophyte volume was ~40-fold
increased when compared with defects receiving 6 drill
holes and ~15-fold increased when compared with defects
receiving 2 drill holes. Maximum osteophyte area (~12-
fold and ~4-fold, respectively), osteophyte height (~2-fold
and ~1.5-fold, respectively), and osteophyte diameters
(~8-fold and 5-fold, respectively) were all higher in
untreated defects compared with defects receiving either
6 or 2 drill holes. Differences in maximum longitudinal
osteophyte sectional area (Figure 3) between control
defects and defects in both drilling groups were significant
(P < .034). Maximum base (P = .017) and longitudinal
diameter (P = .030) of intralesional osteophytes were sig-
nificantly different between control defects and defects
receiving 6 drill holes (Table 5). No differences in these
parameters were detected between defects receiving 2 or
6 drill holes (P > .164), and no significant differences
existed between all single groups concerning grade of over-
growth (P > .804).
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Defect treatment after debridement
M 6 drill holes

2 drill holes
] No treatment

# 8

6 drill holes 2 drill holes No treatment

6 -

[mm?]

Maximal area
longitudinal section

Figure 3. Intralesional osteophytes (white stars) were identified in both drilling groups and in debrided defects. Debridement (no
treatment) increased maximal longitudinal osteophyte sectional area compared with both drill hole groups. Insets illustrate the
osteophyte location within the defects. White triangles denote defect borders; white arrows indicate residual subchondral drill
holes and their direction. Interrupted white lines mark the supposed course of the normal subchondral bone plate. Interrupted
red lines mark the maximal longitudinal extension of an intralesional osteophyte. The areas between the interrupted white and
red lines represent the maximal longitudinal osteophyte sectional areas. *P < .05 for 6 drill holes versus debridement; 5P <
.05 for 2 drill holes versus debridement. Scale bars: 1 mm (insets: 3 mm).

TABLE 5
Quantification of Intralesional Osteophytes Within the Cartilaginous Repair Tissue”

Defect Treatment After Debridement

6 Drill Holes 2 Drill Holes No Treatment

Parameter Specific P Value®
Total No. 7 4 3 ND
Incidence, % 66.7 50.0 50.0 NS
No. per defect 1.00 (0.00-3.00) 0.50 (0.00-2.00) 0.50 (0.00-1.00) NS
Maximal longitudinal sectional area, mm? 0.11 (0.03-0.33) 0.32 (0.11-0.74) 1.33 (0.76-5.57) .016°; .0347
Total volume, mm?® 0.05 (0.01-0.55) 0.16 (0.05-1.90) 2.42 (0.27-20.22) NS
Maximal height, mm 0.21 (0.14-0.42) 0.27 (0.20-0.35) 0.35 (0.32-1.29) NS
Maximal base diameter, mm 0.68 (0.25-2.19) 1.15 (0.65-4.29) 5.80 (3.95-6.18) .017¢
Maximal longitudinal diameter, mm 0.68 (0.12-4.19) 1.14 (0.57-3.71) 4.79 (3.38-5.06) .030°
Grade of overgrowth 0.89 (0.43-1.35) 1.00 (0.00-2.00) 1.00 (0.00-3.00) NS
Number at peripheral/central location within the defect 4/3 3/1 0/3 ND

9Results are reported as mean (95% CI) unless noted otherwise. ND, not determined; NS, no significance.
bChi-square tests were used to compare the incidence rates of osteophyte formation. For remaining specific P values, Mann-Whitney U

tests were performed.
‘P < .05 for 6 drill holes versus no treatment.
4p < 05 for 2 drill holes versus no treatment.

DISCUSSION

Our data make 2 essential contributions that expand our
understanding about the effect of subchondral drilling on
the repair of small full-thickness defects. The first major
finding is that drilling, independent of drill hole density,
significantly improves articular cartilage repair compared
with untreated defects. Interestingly, only subchondral
drilling at higher density significantly increased type 2 col-
lagen content in the cartilaginous repair tissue compared
with untreated defects. The second major finding is the sig-
nificant negative effect of defect debridement alone on the

microstructure of the subchondral bone within the defect
and intralesional osteophyte growth. Here, the BMDs of
both the subchondral bone plate and subarticular spon-
giosa in debrided defects were reduced in comparison
with both drill hole groups and normal controls. Moreover,
the maximum longitudinal sectional area of intralesional
osteophytes—a surrogate of intralesional osteophyte
size—in untreated defects was significantly increased com-
pared with both drilling groups.

Recruitment of mesenchymal stromal cells (MSCs) by
subchondral drilling improves osteochondral repair.”’
Our observation that drilling of debrided cartilage defects
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significantly improved structural cartilage repair may be
attributed to a better defect filling and architecture, possi-
bly increasing durability of the repair tissue. Besides, its
increased volume and quality may better protect the adja-
cent cartilage, reflected in the reduced areas with perifocal
osteoarthritis. In addition, the significantly increased type 2
collagen content after drilling with higher density compared
with debridement indicates a superior and more hyaline-
like differentiation of the repair tissue®® and may be linked
to enhanced MSC migration and activation.?>! Drilling
induced superior fibrocartilaginous repair®®1%16.18.23:43
compared with wuntreated or debrided chondral
defects, 51823 although the subchondral bone was not ana-
lyzed in these studies. In rats after 4 weeks, drilling
improved fibrocartilaginous repair versus debridement (5
drill holes: diameter, 0.2 mm; defect area, 3.1 mm?).?® In
goats (unknown drill hole number: diameter, 1 mm; defect
area, 28.3 mm? at 4 months postoperatively, drilling
improved overall histological score and increased defect fill-
ing compared with debrided defects.23 In sheep, drilling (3
drill holes: diameter, 1.5 mm; defect area, 28.3 mm?) led
to a complete filling of the defects at 1 year, whereas repair
tissue in debrided defects did not sufficiently fill the
lesions.'® A previous ovine study reported enhanced osteo-
chondral repair at 6 months postoperatively after introduc-
ing small (diameter, 1.0 mm) compared with larger
(diameter, 1.8 mm, both 6 holes) drill holes.® The current
study was adapted toward this design to allow for compara-
ble conditions. While the first major finding of cartilage
repair tissue quality independent of drill hole number (no
major differences in osteochondral repair between 6 or 2
drill holes) considerably expands these previous data and
also indicates that the subchondral bone plate must be per-
forated after debridement, an additional spotlight is placed
on subchondral alterations and intralesional osteophytes.
The second key finding that extended subchondral bone
changes after defect debridement is also clinically relevant.
Such alterations are a common and potentially serious!*®
problem after marrow stimulation, seen in one-third of trea-
ted patients®?230:31:48 anq in preclinical models. 114373941
The osseous repair of drill holes follows a defined bone
remodeling sequence usually resulting in incomplete
reconstitution of the normal subchondral bone microstruc-
ture®'%*! and in morphological alterations.'*!® Interest-
ingly, we observed similar processes in the subchondral
bone plate (decreased BMD, bone volume fraction, increased
bone surface/volume ratio) and subarticular spongiosa
(decreased BMD, DA, fractal dimension) even after sole
debridement compared with normal controls. The dimin-
ished quantity of mineral as indicated by the reduced
BMD may potentially reduce subchondral bone strength,
which is also determined by other material and structural
properties. Independent of treatment, intralesional osteo-
phytes appeared with incidence rates ranging from 50% to
67% of defects. Of note, drilling with 6 and 2 drill holes gen-
erated smaller intralesional osteophytes compared with
debridement. Possibly, the superior cartilaginous repair
after drilling may afford an improved protection of the
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subchondral bone. The enhanced planar migration of the
subchondral bone plate caused by the larger osteophytes
after debridement may result in an increased degeneration
of the thinner cartilaginous repair tissue and the adjacent
cartilage. Such subchondral bone changes including intrale-
sional osteophytes possibly deteriorate long-term results of
marrow stimulation by disturbing the functional integrity
of the osteochondral unit.®*230375 I sum drilling
reduced potentially detrimental effects on the subchondral
bone compared with debridement as indicated by a more
physiological BMD and smaller osteophytes.

The limitations of the current study included that ani-
mals were allowed to fully bear weight postoperatively
(leading to higher biomechanical stresses than in patients),
the midterm time point warranting long-term follow-up,
and the testing of only 1 parameter of hole size (diameter,
1.0 mm) and depth (10.0 mm) standardized for both treat-
ment groups based on previous results.?!° The potential dif-
ference in postoperative pain between bilateral and 1-sided
operated animals may theoretically influence postoperative
joint loading and osteochondral repair, although all animals
always received comparable surgical procedures bilaterally.
The strengths are the large animal model, the comprehen-
sive quantification of osteochondral repair by a variety of
standardized methods at high detail, and defect location
reflecting clinical repair characteristics of the human
medial femoral condyle??*® where chondral lesions are
most frequently located,” considering anatomical?® and bio-
mechanical*® differences between human and ovine knee
joints. The defect size (32 mm?2) is comparable with a small
human defect (~1.3 cm?)1%41%5 considering the distal femo-
ral bicondylar and trochlear widths of humans and sheep
(size factor, ~2:1).3445

CONCLUSION

These translational data support subchondral drilling inde-
pendent of drill hole number but discourage debridement
alone for small full-thickness cartilage defects. Drilling leads
to a better reconstitution of the subchondral bone below the
defects. Subchondral drilling also reduced the formation of
intralesional osteophytes caused by osseous overgrowth com-
pared with debridement alone. Whether these findings are
applicable to patients remains to be investigated.
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