Basic Science

‘ JOURNAL OF
M CHILDREN’S ORTHOPAEDICS

Quantitative assessment of the vascularity of the
skeletally immature patella: a cadaveric study using

MRI

Naomi E. Gadinsky'
Kenneth M. Lin'
Craig E. Klinger'
Jonathan P. Dyke?
Laura ). Kleeblad?
Kevin G. Shea*
David L Helfet'
Scott A. Rodeo’
Daniel W. Green'
Lionel E. Lazaro®

Abstract

Purpose: While predominant blood supply to the adult pa-
tella enters inferomedially, little is known about skeletally
immature patellar perfusion. Improved knowledge of im-
mature patella vascularity can further understanding of
osteochondritis dissecans, dorsal defects of the patella and
bipartite patella, and help ensure safe surgical approaches.
We hypothesized that the immature patella would exhibit
more uniform blood flow. The study purpose was to quan-
tify immature patella regional perfusion in comparison with
adults.

Methods: Ten cadaveric knees were utilized (five immature,
five mature). The superficial femoral artery was cannulated
proximally. Signal enhancement increases were compared
from pre- to post-contrast MRI to assess relative arterial con-
tributions to patella regions (quadrants, anterior/posterior,
superior/inferior, medial/lateral, and outer/inner).

Results: Quantitative-MRI analysis revealed similar distribu-
tion of enhancement between the immature and mature
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patella. The inferior pole exhibited significantly higher arte-
rial contribution versus superior pole in both immature and
mature groups (p = 0.009; both groups), while the infero-
medial quadrant had the highest arterial contribution of
all quadrants in both groups. The superolateral quadrant
demonstrated the lowest arterial contribution in the imma-
ture group and second lowest in the adult group. The patella
outer periphery had significantly greater arterial contribution
than the inner central region in both immature (p = 0.009)
and mature (p = 0.009) groups.

Conclusion: Distribution of arterial contributions between
the immature and mature patella was similar. Our results
highlight the importance of inferior and inferomedial blood
supply in both immature and mature patellas. These findings
have implications for paediatric and adult patients; surgical
damage to inferior patellar vessels should be avoided to pre-
vent associated complications.
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Introduction

The blood supply to the mature patella has been exten-
sively studied. A vascular ring fed by the five genicular
arteries and the anterior tibial recurrent artery encir-
cles the patella, giving off two main vessel systems that
supply the patella: 1) the mid-patellar (dorsal) system;
and 2) the radial system."? The majority of the patella’s
arterial supply enters inferomedially, in close proxim-
ity to the infrapatellar fat pad.?* This vascular pattern
has implications for surgical procedures about the knee
joint, such as total knee arthroplasty and anterior cru-
ciate ligament (ACL) reconstruction using bone-patellar
tendon-bone (BTB) autograft, as iatrogenic damage to
the inferior blood supply must be avoided to prevent
potential patellofemoral complications postopera-
tively."#3
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Despite our knowledge of the adult patella, there is a
paucity of literature on the vascularity of the immature
patella. The patella becomes completely cartilaginous
early in gestation, while progressive circumferential ossi-
fication begins at around three years of age and can last
until the teenage years.®® Throughout maturation, the
ossification centres are areas of high metabolic activity,
requiring a robust blood supply via a network of cartilage
vascular canals for proper nutrition and development.? As
ossification progresses, the vascularity of the remaining
unossified cartilage declines® potentially creating oppor-
tunities for perfusion defects to arise.

Studying perfusion patterns of the immature patella
may help improve the understanding of certain patho-
logical conditions likely associated with early vascu-
lar compromise, including osteochondritis dissecans
(OCD) of the patella, dorsal defects of the patella (DDP)
and bipartite patella (BP). Furthermore, an increasing
number of children and adolescents are undergoing
operative interventions involving the knee joint once
thought of as adult procedures, such as ACL reconstruc-
tion, cartilage or osteochondral procedures and medial
patellofemoral ligament reconstruction. Improved
understanding of the vascularity of the developing
patella will help guide surgical technique and indica-
tions in paediatric patients.

The purpose of our study was to quantify vascularity of
the immature patella, and to compare regional perfusion
patterns with those of the adult patella. We hypothesized
that the paediatric patella would exhibit more uniform dis-
tribution of arterial contributions compared with the adult
patella, given the greater proportional metabolic demand
to support the growing and ossifying patella. We utilize a
quantitative-MRI (qMRI) protocol that has previously been
validated and used to quantify arterial contribution to the
adult patella as well as other bony and soft tissue structure
of the lower extremity.>'%'2 To the best of our knowledge,
this is the first study to quantify regional arterial contribu-
tion in the immature patella.

Materials and methods

Cadaveric specimens

An institutional review board exemption was provided for
this cadaveric tissue study. Ten cadaveric specimens were
obtained, including five fresh frozen skeletally immature
human cadaver knees (ages between O and six months,
mean age 3.0 months) and five fresh frozen skeletally
mature human cadaver knees (ages between 34 and 60
years, mean age 50.2 years); skeletally immature cadav-
eric knee specimens were obtained from Allosource (Cen-
tennial, Colorado) and mature specimens from Anatomy
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Gifts Registry (Hanover, Maryland). In the paediatric
group, there were four male and one female knee. In the
adult group, there were three male and two female knees.
Exclusion criteria included history of peripheral vascular
disease, prior lower extremity surgery or lower extremity
trauma. Cause of death of the paediatric specimens was
not known, however, none had a known history of chro-
mosomal anomalies.

Specimen dissection and preparation

Specimen dissection and preparation was performed in
our institution’s Bioskills Education Laboratory, which is
an American College of Surgeons accredited dissection
laboratory. Prior to imaging, the superficial femoral artery
was cannulated proximal to the knee joint, along the fem-
oral stump and with minimal dissection performed and
cannulas sutured in place. Vessel cannulas (model DLP
30000, Medtronic, Minneapolis, Minnesota) were used
for cannulation. Infusion of normal saline was performed
via syringe and all major extravasating vessels distal to the
knee joint were tied off with silk ties.

MRI acquisition methods

Imaging was completed using a 3.0 Tesla Excite HD GE
MRI scanner (General Electric Healthcare, Milwaukee,
Wisconsin). An eight-channel knee coil was used for the
adult knees, while an eight-channel wrist coil was used
for the paediatric knees due to the smaller specimen
size. Images were obtained using a previously reported
protocol used for similar research quantifying arterial
contributions.?> Gadolinium-diethylenetriamine pen-
taacetic acid (Gd-DTPA) was diluted with normal saline
at a ratio of 3:1 to serve as a MRI contrast agent. The
contrast solution volume for the adult specimen (61 ml
total infusion volume) was based on a previous qMRI
study which evaluated adult patella arterial perfusion.?
The contrast solution volume utilized for the neonatal
specimen (5 ml total infusion volume) was selected by
measuring and adjusting for the size difference between
adult and neonatal specimens. High-resolution fat-sup-
pressed 3D T -weighted gradient echo sequences were
obtained both prior to and following contrast solution
injection. Fat-suppressed MRl images were used for qMRI
assessment purposes in order to remove signal gener-
ated by fatty bone marrow which may obscure Gd-DTPA
image detail. MRI images were acquired both pre- and
post-contrast solution infusion at 2-mm slice thickness.
Post-contrast MRI imaging was performed at a single
time point i.e. ten minutes following contrast infusion.
Images were reconstructed to achieve a resolution of 0.4
mm x 0.4 mm x 1.0 mm. Image acquisition parameters
consisted of repetition and echo times of 18.6 ms and 5.3
ms, respectively, using a 35° flip angle.
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gMRI analysis

For quantitative analysis, regions of interest (ROI) corre-
sponding to the four quadrants of the patella as well as
the outer and inner portions were identified and man-
ually defined on pre-contrast coronal MRI images. The
four quadrants included superomedial (SM), supero-
lateral (SL), inferomedial (IM) and inferolateral (IL); and
additional regions analyzed included anterior and pos-
terior regions, superior and inferior, medial and lateral,
and inner and outer regions (Fig. 1). These ROIls were
used to evaluate the increase in signal intensity from the
defined ROI on pre-contrast images to the same ROl area
on post-contrast images using software developed by a
study investigator (JPD) based on Interactive Data Lan-
guage (IDL) 6.4 (Harris Geospatial; Boulder, Colorado).
The analysis software permits custom ROls to be defined
by the user over multiple MRI study slices, with each cor-
responding to differing anatomical sites (for example
a quadrant of the patella). After ROIs are defined for all
associated regions within the MRl slice range, the analysis
software automatically creates a data file. For each ROI,
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the data file includes the MRI slice number, ROI slice sig-
nal intensity, and total area (in voxels). The software also
saves ROI definition files to enable the same ROI defini-
tions to be applied to both pre- and post-contrast MRI
images, allowsing precise comparison of the same osse-
ous regions. This technique has been previously validated
in gMRI research which assessed arterial contributions
along multiple anatomical sites using the same gMRI
assessment protocol.>*%13 This qMRI analysis software
has been previously described in the assessment of vascu-
larity to various structure of the lower extremity.>'%12 Sig-
nal enhancement was quantified to produce a weighted
average, and raw signal intensity (defined as the mean
signal intensity of each region defined in each ROI on
each MRI slice) per voxel was corrected through normal-
ization to non-enhancing muscle tissue proximal to the
cannulation point as a baseline measurement to account
for theoretical potential changes in MRI gain which could
affect signal intensity measurements.

Increase in signal enhancement following contrast
injection though the arterial system supplying the

7 Adult Phase
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Fig. 1 Paediatric and adult mean percentage increase in perfusion for each quadrant and region (percentages rounded to the one
decimal place) (SL, superolateral; SM, superomedial; IL, inferolateral; IM, inferomedial; Ant., anterior; Post., posterior).
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patella was considered to represent arterial contribu-
tion in both paediatric and adult specimens. Normalized
data from each of the four quadrants was combined
with the addition of ROI regions to allow for compari-
sons between specific regions of the patella, including
superior versus inferior regions and medial versus lateral
regions (Fig. 1). Anterior versus posterior regions of the
patella were also compared using normalized data from
the anterior and posterior MRI slices, as well as for inner
and outer aspects, respectively, for each study patella

(Fig. 1).

Statistical analysis

Non-parametric tests were performed using medians
and interquartile ranges, as there were only five spec-
imens per group. Quadrant and regional analyses were
performed in both the paediatric and adult groups. For
the quadrant analysis, the Kruskal-Wallis test was used
to evaluate significant differences in perfusion between
the four quadrants of the patella, including the SL, SM,
IL and IM quadrants (Fig. 1). For the regional analysis,
the Mann-Whitney U test was used to test for significant
differences in perfusion between the following regions of
the patella: 1) anterior versus posterior; 2) superior versus
inferior; 3) medial versus lateral; and 4) outer versus inner
(Fig. 1). Finally, to assess differences in perfusion patterns
between the paediatric versus adult groups in both the
quadrant and regional analyses, the Mann-Whitney U test
was utilized. A p-value < 0.05 was considered statistically
significant.

Results
Paediatric group

Quadrant analysis revealed significant differences in per-
fusion patterns among the four quadrants of the patella
(p = 0.002), as represented by change in normalized sig-
nal enhancement following contrast administration. The
median and interquartile range for each quadrant are pre-
sented in Table 1, as well as the statistical analysis using
the Kruskal-Wallis test which showed significant differ-
ences in pairwise comparisons among the quadrants. The
mean percentage increase in signal enhancement for each
quadrant is depicted in Fig. 1.

Regional comparisons of median signal enhancement
following contrast administration revealed the following:
no significant difference anterior versus posterior (p =
0.076); significantly greater signal enhancement inferiorly
compared with superior (p = 0.009); no significant differ-
ence medial versus lateral (p = 0.421); and significantly
greater enhancement to the periphery compared with the
central region of the patella (p = 0.009). Raw data and
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descriptive statistics including medians and interquartile
ranges are summarized in Table 2. The mean percentage
increase in signal enhancement for each region is depicted
in Figure 1.

Adult group

Quadrant analysis revealed significant differences in nor-
malized signal enhancement following contrast admin-
istration among the four quadrants of the patella (p =
0.030). The raw data, median and interquartile range for
each quadrant, and post hoc analysis using Kruskal-Wal-
lis test, can be found in Table 1 and mean percentage
increase in signal enhancement for each quadrant is
depicted in Figure 1.

Regional analysis showed the following: significantly
greater increase in signal enhancement in the anterior
half of the patella compared with posterior (p = 0.009);
significantly greater enhancement in the inferior pole
compared with superior (p = 0.009); no significant dif-
ference in the medial versus lateral halves of the patella
(p = 0.917); and significantly greater signal enhance-
ment to the periphery of the patella compared with
the central region (p = 0.009). Results including raw
data, medians and interquartile ranges and post hoc
analysis are summarized in Table 2. The mean percent-
age increase in signal enhancement for each region is
depicted in Figure 1.

Paediatric versus adult group

There were no significant differences in perfusion between
paediatric versus adult group in any of the four quadrants
of the patella. Regions of the patella (anterior/posterior,
superior/inferior, medial/lateral, outer/inner) were also
compared between the paediatric versus adult group and
no significant differences were found.

Discussion

This gMRI analysis demonstrated analogous perfusion
patterns of the paediatric and adult specimens. In both
groups, the inferior pole of the patella received statisti-
cally significant greater perfusion than the superior pole,
with the IM quadrant receiving the greatest perfusion of
all four quadrants. The outer rim of the patella received
statistically significant greater perfusion than the cen-
tral inner region of the patella in both groups, and in
the paediatric specimens, the SL quadrant received the
least relative perfusion (second least in the adult speci-
mens). These findings are supported by prior cadaveric
studies involving predominantly adult specimens.?s
Scapinelli? first described the main arterial systems to
the patella, including the mid-patellar (dorsal) system

J Child Orthop 2021;15:157-165
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Table 1 Paediatric and adult percentage increase in enhancement for the patellar quadrants

Age, mths Sex Superolateral (SL) Superomedial (SM) Inferolateral (IL) Inferomedial (IM) p-valuet
Paediatric group
0 F 26.2 19.3 25.7 28.8
M 12.8 22.5 26.8 37.9
2 M 21.4 20.0 28.5 30.1
5 M 19.6 20.8 25.1 34.5
6 M 17.0 19.8 33.4 29.8
Median 19.6 20.0 26.8 30.1 0.002t
Range’ 14.9 to 23.8 19.6 to 21.6 25.4 to 31.0 29.3 to 36.2
Mean 19.4 20.5 27.9 32.2
sD 5.0 1.2 3.3 3.8
Adult group
34 M 30.2 16.7 30.3 22.9
48 F 27.8 15.0 26.3 31.0
53 M 24.9 24.7 20.6 29.8
56 F 15.2 18.9 32.7 33.2
60 M 1.6 22.0 32.4 34.1
Median 24.9 18.9 30.3 31.0 0.030V
Range’ 13.4 to 29.0 15.8 to 23.4 23.4to 32.6 26.3 to 33.7
Mean 21.9 19.4 28.4 30.2
sD 8.1 4.0 5.1 4.4

*Ranges are reported as interquartile ranges (25th to 75th percentile).

FKruskal-Wallis test, post hoc analysis showed significant differences between SL versus IL (p = 0.028), SL versus IM (p = 0.009), SM versus IL (p = 0.009), SM versus

IM (p = 0.009)

VKruskal-Wallis test, post hoc analysis showed significant differences between SM versus IL (p = 0.028), SM versus IM (p = 0.016)

entering anteriorly and the infrapatellar vessels entering
inferiorly. He noted this vascular anatomy gave the infe-
rior patella dual blood supply, therefore, explaining the
clinically lower rate of osteonecrosis seen in the inferior
pole compared with the superior pole of the patella.? A
subsequent study in adults using gMRI found that all
specimens had a dominant inferior blood supply, with
80% of specimens showing a dominant vessel entering
inferomedially.?

In contrast with our initial hypothesis that the paediat-
ric group would display a more uniform vascular distribu-
tion, our results imply that paediatric patients have similar
perfusion patterns as adults. This suggests the patellar
vascular structure is determined very early in develop-
ment, with a distribution similar to that seen in adults even
before ossification takes place, when cartilage canals are
present. It is possible this vascularity gradient is related to
ossification patterns of the patella. In a MRI study of skele-
tally immature subjects two to 19 years of age, the inferior
portion was observed to ossify first and the superior tip
last.®2 The similar perfusion patterns between immature
and mature specimens suggest analogous vessel architec-
ture. In a qualitative microangiographic study comparing

J Child Orthop 2021;15:157-165

the gross knee joint vasculature in paediatric (aged seven
days to 12 years) and adult (aged 50 to 93 years) cadav-
eric specimens, vessel arrangements were similar in both
groups.™

Knowledge of the perfusion pattern and particularly
dominant blood supply to the patella has implications
for surgical planning, as it is important that the inferior
and IM vessels entering the patella are left intact in young
patients undergoing knee surgery. The incidence of oper-
ative treatment for ligamentous knee injuries in children
and adolescents is increasing,''® namely ACL reconstruc-
tion with BTB autograft.”” In an adult cadaveric study, a
56% decrease in patellar perfusion was observed as a
result of damage to the predominant IM blood supply
during BTB harvest.* latrogenic damage to these vessels
may lead to patellofemoral complications and anterior
knee pain in adults,” which could occur in paediatric
patients considering their similar arterial distribution.
Additionally, there are higher rates of patellar osteoar-
thritis following BTB autograft, compared with hamstring
autograft;'® this could be related to disruption of patellar
blood supply, although further study is required. Further
research is needed to address clinical implications of iat-
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rogenic damage to the patellar arterial supply in skeletally
immature patients.

In addition to surgical planning, our data also may
help improve understanding of patellar OCD lesions.
Several potential aetiologies for OCD lesions have been
proposed, including genetic, inflammatory, vascular
and repetitive microtrauma.” According to the vascu-
lar hypothesis, it is thought that patellar OCD lesions
are caused by failure of the vascular cartilage canals
during development, leading to focal osteonecrosis and
subsequent subchondral bone defects.??' Although
patellar OCD is far less common than lesions of other
areas, these lesions cause significant pain and discom-
fort, with one-third of patellar lesions eventually requir-
ing surgery.?? In a series of eight patellar OCD lesions
in adolescents, seven lesions were located centrally and
one was in the SL region of the patella.® The location of
these lesions correlate with the areas of lower relative
perfusion in the central and SL portions of the imma-
ture patella observed in this study, supporting vascular
failure during development as a potential aetiology of
patellar OCD.

The results of this study also support a possible vas-
cular aetiology of DDP and BP. DDP is an uncommon
lytic lesion generally found in the SL region of the patella
during adolescence through the second decade of life,
and may cause symptoms such as chronic intermittent
pain.?>?¢ Prior studies have shown that DDP lesions
demonstrate areas of focal avascular necrosis.?* Similarly,
BP occurs predominantly in the SL zone of the patella,
and although precise aetiology remains unknown, vas-
cular compromise is a possible contributor. A histolog-
ical analysis of adolescent BP specimens found that the
interposed tissue was largely fibrous, almost completely
lacked blood vessels and showed diffuse degenerative
and necrotic changes.?” Although treatment options for
symptomatic BP vary widely, reflecting general lack of
consensus,?® the finding of lowest perfusion in the SL
quadrant in this study supports the recommended treat-
ment of excision of a painful BP, rather than fixation.?
Even in patients without BP, Scapinelli? noted fractures
of the SL portion of the patella rarely unite, which was
attributed to poor intraosseous and peripheral blood
supply in that region. While further study is warranted
to better characterize role of vascularity in the pathogen-
esis of these conditions, it is possible that DDP, BP and
patella OCD may be different manifestations of a simi-
lar disease process, namely vascular phenomena during
development.

Limitations of our study include the small number
of cadaveric samples used (five per group). There-
fore, this data has to be interpreted with caution as
this study has been limited due to the procurement
of young specimens. It is extremely difficult to obtain
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infantile or paediatric human cadaveric specimens for
research purposes, making a larger sample size difficult
to achieve. Furthermore, this study was a pilot study
within this field, therefore, not suitable for (post hoc)
power analysis. We were also unable to obtain MRI
data on perfusion in live human individuals, as there
are risks associated with contrast administration in chil-
dren, the most well-described being nephrotoxicity.30-32
Another study limitation was that we did not map out
the individual vascular pattern in each specimen, but
rather analyzed overall perfusion within the designated
ROI groups. Further research using higher resolution
MRI or micro-computed tomography could help define
the precise vascular pattern supplying the immature
patella, making comparisons with adult patellar vascu-
larity even stronger. Nevertheless, this study remains
unique in the literature, as we performed a detailed
perfusion analysis of individual quadrants and regions
of the immature patella. Another potential limitation is
that our adult cohort received a larger volume of con-
trast than the paediatric cohort. It is unknown whether
the volume of contrast may have had a significant effect
on signal intensity measurements. To overcome this, all
quantitative analysis was performed with normaliza-
tion to a non-enhancing region of muscle within each
specimen as a baseline, resulting in normalized data
that could be compared across different specimens
regardless of specimen size or contrast volume. How-
ever, further research using contrast volumes further
standardized to individual specimen size would be ben-
eficial.

Conclusion

Similar perfusion patterns between adult and paediatric
patellas were observed using qMRI, with highest perfu-
sion observed in the IM quadrant as well as higher per-
fusion in the periphery compared with central regions
of the patella. The dominant IM blood supply to the
patella must be preserved during paediatric knee sur-
gery, where these vessels may be at risk of iatrogenic
damage. Improved knowledge of the arterial supply to
the immature patella will advance our understanding of
various pathologies of the knee and better guide surgi-
cal indications and techniques in adult and paediatric
patients.
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