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The characteristics of the lobular arrangement indicate
the dynamic role played by the infrapatellar fat pad in
knee kinematics
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Abstract

The infrapatellar fat pad (IFP) is an intracapsular but extrasynovial structure, located between the patellar
tendon, the femoral condyles and the tibial plateau. It consists of white adipose tissue, organised in lobules
defined by thin connective septa. The aim of this study is the morphometric and ultrasonographic analysis of
IFP in subjects without knee pathology during flexion-extension movements. The morphometric study was
conducted on 20 cadavers (15M, 5F, mean age 80.2 years). Ultrasound was performed on 24 volunteers with no
history of knee diseases (5M, 19F, mean age: 45 years). The characteristics of the adipose lobules near the
patellar tendon and in the deep portion of the IFP were evaluated. Numerical models were provided, according
to the size of the lobules. At histological examination, the adipose lobules located near the patellar tendon
were larger (mean area 12.2 mm? + 5.3) than those at a deeper level (mean area 1.34 mm? + 0.7, P < 0.001)
and the thickness of the septa of the deepest adipose lobules (mean value 0.35 mm =+ 0.32) was greater than
that of the superficial one (mean value 0.29 mm + 0.25, P < 0.001). At ultrasound, the IFP was seen to be
composed of very large lobules in the superficial part (mean area 0.29 cm? + 0.17 in extension), with a
significant reduction in flexion (mean area 0.12 cm? + 0.07, P < 0.01). The deep lobules were smaller (mean
area 0.11 cm? £ 0.08 in extension) and did not change their values (mean area 0.19 cm? + 0.52 in flexion,
P > 0.05). In the sagittal plane, the reduction of thickness of the superficial layer (with large adipose lobules)
during flexion was 20.6%, whereas that of the deep layer (with small adipose lobules) was 1.3%. Numerical
simulation of vertical loads, corresponding to flexion of the knee, showed that stress mainly developed within
the interlobular septa and opposed bulging of the lobules. The characteristics of the lobular arrangement of
the IFP (large lobules with superficial septa in the superficial part and small lobules with thick septa in the
deep one), significant changes in the areas and perimeters of the superficial lobules, and the reduced thickness
of the superficial layer during flexion all indicate the dynamic role played by the IFP in knee kinematics.
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tendon, the femoral condyles and the tibial plateau
(Benninger, 2016). The function of the IFP is still debated
and is hypothesised to play a role in the biomechanics of
the knee joint (Platzer, 1996; Fontanella et al. 2017).
According to the location of the IFP in close contact with
the synovial membrane (Geraghty & Spear, 2017) and the

Introduction

The infrapatellar fat pad (IFP; Hoffa, 1904) is an intracapsu-
lar but extrasynovial structure, located between the patellar
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metabolic properties of adipose tissue as potential source
of adipokines and cytokines (loan-Facsinay & Kloppenburg,
2013), the IFP and the synovial membrane are considered a
single morpho-functional unit involved in knee osteoarthri-
tis (OA; Favero etal. 2017; Macchi et al. 2018). The
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microscopic characteristics of the IFP show white adipose tis-
sue (fibro-adipose, lobular type), organised in lobules with
a mean diameter of 1.15 mm =+ 0.11, defined by thin con-
nective septa (0.22 mm; Macchi et al. 2016).

Magnetic resonance (MR) is a valuable tool routinely used
to assess the IFP (Fontanella et al. 2018) and its disease (Yun
et al. 2017). Ultrasound (US) has been reported as an alter-
native imaging technique for the IFP and shows a character-
istic two-layered echo-structure: the superficial adipose
tissue is hypoechoic with respect to the nearby patellar ten-
don and contains septae, whereas the deeper layer is homo-
geneously hypoechoic (Vera-Pérez et al. 2017). US enables
dynamic and comparative assessment in real time (Naredo,
2015) and some US parameters show significant differences
in cases of IFP impingement (Mikkilineni et al. 2018). More
detailed knowledge of the dynamic (flexo-extension move-
ments) US characteristics of the IFP in asymptomatic subjects
with respect to histological data may be very useful, allow-
ing better understanding of pathological findings.

From the mechanical viewpoint, numerical meso-models
are based on several mechanical and geometric properties
of each type of adipose tissue: in particular, lobule size and
septa thickness can be examined. This approach has been
reported to provide IFP cushioning in the knee, with conse-
quent development of adequate mechanical functionality
(Fontanella et al. 2017).

Thus, the aims of the present study in subjects without
knee pathology were: (1) to analyse the microscopic organi-
sation of the IFP in its superficial part (i.e. near the patellar
tendon) and its deep part by morphometrical study, (2) to
study the morphological US features of the IFP during
flexo-extension movements and (3) to analyse the correla-
tion between histo-morphological configuration and
mechanical properties according to a computational
approach, to evaluate the mechanical response of the tis-
sues in question.

Materials and methods

The first part of the study was conducted with the approval of the
scientific coordinator of the Donation Program (Institute of Human
Anatomy, University of Padova) on cadavers: the IFP was sampled
for histo-topographical and morphometrical evaluation and numer-
ical analysis. According to the results of these analyses, in the sec-
ond part of the study the appearance of US in the IFP was
evaluated in volunteers, who provided written informed consent.
Participants in the study included undergraduate and post-graduate
students of the School of Medicine of the University of Padova and
also others working at the Institute of Anatomy (technicians,
administrative staff, teachers, etc.).

Histo-topographical study

The histo-topographical study was conducted on specimens of IFP
sampled from 20 bodies or body parts (15M, 5F; mean age
80.2 years; Macchi et al. 2011) of the Body Donation Programme of
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the University of Padova. The inclusion criterion was the absence of
history of osteoarthritis. Sections 10 pm thick were obtained from
paraffin-embedded samples of full-thickness longitudinal samples
of the IFP, including subcutaneous tissue and the patellar tendon,
and were stained with haematoxylin and eosin (HE; Macchi et al.
2016). These sections were recorded with a high-resolution digital
camera (DC 200, Leica Microsystems) and the septa were initially
manually identified. The images were then converted to 8-bit
binary images for processing with PROGRAMMING LANGUAGE SOFTWARE
(Matlab R2012b, MathWorks Inc., Natick, MS, USA). The superficial
and deep adipose lobules were automatically approximated to
ellipses and their areas and major and minor axes were calculated
(Macchi et al. 2016). These data were then adopted for subsequent
evaluation of the mechanical response of tissues by computational
analysis.

Numerical analysis

The mechanical response of the IFP was strongly influenced by
its structural conformation, e.g. the dimensions of adipose lob-
ules (Natali et al. 2012a,b). Numerical analyses were performed
to study the mechanical behaviour of the IFP, with the proce-
dure adopted and described in Fontanella et al. (2017). In the
previous work, the IFP was considered to show a homogeneous,
constant distribution of adipose lobules. In this study, two
numerical models were provided to take into account variations
in chamber dimensions, such as macro- and micro-chambers.
Hyperelastic isotropic and anisotropic constitutive models (Carniel
et al. 2014; Fontanella et al. 2017) were developed to interpret
the mechanical behaviour of adipose lobules and connective
septa, respectively. The response of the tissues was evaluated
under unconfined compression loads with Asaqus/CAE 6.14
finite-element software (Abaqus Documentation 2014, Dassault
Systemes Simulia Corp., Providence, Rl, USA), to enhance the
correlation between the structural conformation and mechanical
properties of the tissues in question (Fontanella et al. 2017).

Anatomo-radiological study

In this study, 24 healthy subjects (5M, 19F, mean age: 45 years;
range 21-70) were analysed, and 48 knees were evaluated by US.
The subjects were volunteers and the inclusion criteria were the
absence of history of knee diseases and a negative clinical knee
joint examination and Hoffa’s test, performed by an orthopaedic
surgeon (C.S.). Examinations were performed by an ultrasonogra-
pher with 10 years of experience (V.M.), using high-resolution grey-
scale ultrasound (Sonosite, Bothell, WA, USA). A multifrequency (8-
13 MHz) linear probe was used and the scanning protocol included
multiple scans to evaluate the IFP. Subjects were examined in
the supine position, first with the knee extended and then flexed
at 90°.

Measurements were taken in midline sagittal sections. The patel-
lar tendon was scanned vertically and the following parameters
were recorded:

e area and perimeter of one (superficial) US adipose lobule clos-
est to the patellar tendon in extension and flexion;

e area and perimeter of one of the deepest recognisable US
adipose lobules in extension and flexion.

A comparative examination of both knees was performed. In
fact, according to the results of the histo-topographical study and
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in order to visualise the same lobule in both flexion and extension,
the parameters of one adipose lobule were examined, in view of
the need for precise topographical criteria for location.

The IFP was also divided into two layers, according to the results
of the histo-topographical study, and showed the presence of large
adipose lobules (macro-chambers) in the superficial part of the IFP
and small adipose lobules (micro-chambers) in its deepest part (Hsu
et al. 2007). A line was traced parallel to the patellar tendon, and
half the distance between the hypo-echogenicity of the femoral
condyle and the tibial plate was detected; a line perpendicular to
the former was then traced from the patellar tendon to the deepest
part of the IFP (Fig. 1). The thicknesses (th) of all the IFP, of the
macro-chamber (th,,a0) and of the micro-chamber (th,,;) layers were
measured. The thickness of these two layers was also measured in
extension (th; thpae thmid and flexion (th’; thi . th!.). Subse-
quently, variations in thickness of both macro- and micro-chambers
were calculated as AXmac = thmac — thi,c and AXmic = thyic — thi,,
respectively. Any deformation in both chambers was defined as fol-
lows:

AXmac . AXiic

mac = yemic = -
thmac thmic

The proportion of maximum macro-chamber tissue deformation

to the maximum overall deformation was defined as ;2% and

mac reic

the proportion of maximum micro-chamber tissue deformation to

the maximum overall deformation was defined as —2%nc— The
\ i i Bmac + Mo

proportion of maximum deformation revealed the contribution of

deformation of each layer during the examination.

HOFFA
5
Sinistra

Fig. 1 US analysis of deformation variations of macro- and micro-
chambers of infrapatellar fat pad. Thickness (th) of macro- (thyac) and
micro-chamber (thy,o) layers in flexion (A). Thickness (th) of macro-
(thmac) @and micro-chamber (thy,c) layers in extension (B).

Statistical analysis

Results are reported as mean (+ SD) values and ranges. Statistical
analyses were performed with Student’s t-test, with P < 0.05 as sig-
nificant and linear correlations (GrapHPaD Software Inc., San Diego,
CA, USA).

Fig. 2 Macro-section of infrapatellar fat pad (A), consisting of white adi-
pose tissue organised in lobules, larger near patellar tendon (B) and smaller
at deep level (C). Thickness of interlobular septa of IFP was homogeneous
at both levels. Haematoxylin-eosin stain. Scale bar: 1 mm.
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Table 1 Data of morphometric study (mean values + SD).

Morphometry Superficial Deep P-value
Area (mmz) 12.2 + 5.3 1.34 + 0.75 < 0.01
Thickness of septa (mm)  0.29 + 0.25 0.35 +0.32 < 0.01

Results

Histo-topographical study

The histo-topographical study showed that the IFP consisted
of white adipose tissue organised in clearly defined lobules
by connective septa of various sizes, and round or oval in
shape, from those closest to the patellar tendon to the
deepest ones. In particular, the average area of the adipose
lobules closest to the patellar tendon (i.e. superficial) was
12.2 mm? + 5.3, significantly greater than that of the deep-
est lobules, with 1.34 mm? + 0.7 (P < 0.01; Fig. 2). The
major and minor axes of the adipose lobules closest to the
patellar tendon were greater than those of the deepest
ones (P < 0.01; Table 1). Interestingly, the mean thickness
of the septa of the deepest lobules was 0.35 mm + 0.32,
greater than that of the superficial ones (0.29 mm =+ 0.25).

Ultrasound study

At US, the IFP appeared to be composed of hypo-echoic
structures, with round or oval shapes, ascribable to US lob-
ules; oblique hyper-echoic lines were identified at the
boundaries of these structures. This arrangement corre-
sponded to the microscopic appearance of the IFP, organ-
ised as it was in US lobules defined by interlobular septa.
The shape and area of the lobules appeared to change

Fig. 3 US examination of infrapatellar fat
pad. Analysis of area and perimeter of
adipose chamber closest to patellar tendon
(PT) in extension (A) and flexion (B). Analysis
of area and perimeter of deepest identifiable
adipose chamber in extension (C) and flexion
).
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during dynamic examination. The mean sagittal area of the
deepest US adipose lobule was 0.11 cm? in extension and
0.19 cm? in flexion, and the perimeter was 1.36 cm in
extension and 1.2 cm in flexion. The area of the US adipose
lobule closest to the patellar tendon was 0.29 cm? in exten-
sion and 0.12 cm? in flexion (P < 0.01), whereas the perime-
ter was 2.67 cm in extension and 1.56 cm in flexion
(P < 0.01; Fig. 3). There were no statistically significant dif-
ferences in area or perimeter between males or females or
between right or left sides, or any correlations with age
(Table 2).

The mean thickness of the whole IFP was 3.63 + 0.40 cm,
and that of the macro- and micro-chambers was
2.14 £ 0.25, and 1.5 £+ 0.14 cm of the latter in extension.
The variation in thickness of the macro-chambers, Athgac
was 0.44 4+ 0.10 cm, and that of the micro-chambers Athp,ic
was 0.02 + 0.06 cm (P < 0.01). The deformation of the
macro-chambers was 20.6% and that of the micro-chambers
1.3%. The proportion of thickness variations of the macro-
chamber to the maximum overall deformation was 95%,
and that of the micro-chambers to the maximum overall
deformation was 5% (Table 3), showing that the macro-
chambers made a greater contribution to the overall IFP
deformation.

Numerical analysis

The actual functionality of micro- and macro-chambers was
revealed by numerical simulation of compressive load.
Under vertical loading, i.e. flexion, the IFP structures pro-
duced differing mechanical responses (Fig. 4). Numerical
results were reported at the same load (15 N), showing
greater deformation in macro- than in micro-chambers.
Their different conformations in terms of adipose lobules
and interlobular septa contributed differently to the overall
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Table 2 Data of ultrasound study.

Ultrasound Extension Flexion P-value
Superficial area (cm?) 0.29 + 0.17 0.12 £ 0.07 <0.01
Superficial perimeter (cm) 2.67 £ 0.76 1.56 + 0.44 < 0.01
Deep area (cm?) 0.11 + 0.08 0.19 +0.52 > 0.05
Deep perimeter (cm) 1.36 £ 0.39 1.20 +£ 0.53 > 0.05
Ultrasound Right Left P-value

Extension superficial 0.31 £ 0.15 0.27 £ 0.19 > 0.05
area (cm?)

Flexion superficial

area (cm?)

Extension superficial
perimeter (cm)

Flexion superficial
perimeter (cm)

Extension deep area (cm?)
Flexion deep area (cm?)

0.11 £0.08 0.12 + 0.07 > 0.05
279 £0.74 254+ 0.79 >0.05
1.52 £ 0.46 1.60 + 0.43 > 0.05

0.11 £0.06 0.12 £ 0.11 > 0.05
0.09 £ 0.07 0.29 +0.75 > 0.05

Extension deep 1.48 £ 032 1.23 + 043 >0.05
perimeter (cm)

Flexion deep perimeter (cm) 1.16 + 0.40 1.24 + 0.65 > 0.05
Ultrasound parameters Female Male P value

Extension superficial 0.29 +£0.19 0.28 + 0.09 > 0.05
area (cm?)

Flexion superficial

area (cm?)

Extension superficial
perimeter (cm)

Flexion superficial
perimeter (cm)

Extension deep area (cm?)
Flexion deep area (cm?)

0.11 £ 0.06 0.14 + 0.09 > 0.05
2.62 £0.85 281+ 045 >0.05
1.48 £ 0.33 1.77 £ 0.64 > 0.05

0.11 £ 0.09 0.12 £ 0.08 > 0.05
0.23 £ 0.60 0.08 + 0.04 > 0.05

Extension deep 132 £ 038 1.47 +£0.42 >0.05

perimeter (cm)

Flexion deep perimeter (cm) 1.24 + 0.59 1.08 + 0.27 > 0.05
< 45 years > 45 years

Ultrasound parameters old old P-value

Extension superficial 0.33 £ 0.18 0.25 + 0.16 > 0.05
area (cm?)

Flexion superficial

area (cm?)

Extension superficial
perimeter (cm)

Flexion superficial
perimeter (cm)

Extension deep area (cm?)
Flexion deep area (cm?)

0.14 £ 0.09 0.10 + 0.05 > 0.05
2.9+ 0.65 246 +£0.81 >0.05
1.71 £ 0.54 1.42 +0.27 >0.05

0.14 = 0.10 0.09 £ 0.05 > 0.05
0.32 £ 0.75 0.06 + 0.04 > 0.05

Extension deep 1.41 £ 045 1.32 +£0.33 >0.05
perimeter (cm)
Flexion deep perimeter (cm) 1.35 + 0.71 1.06 + 0.22 > 0.05

mechanical properties of the tissues. Tensile stress mainly
developed within interlobular septa and opposite to bul-
ging of adipose lobules. Micro-chambers had a larger

Table 3 Mechanical properties of micro-chamber and macro-chamber
layers in infrapatellar fat pad.

Macro- Micro-

chamber chamber P-value
Thickness in extension, 2.14 (0.25) 1.52 (0.14) < 0.01
th, mm*
Thickness in flexion, 1.70 (0.2) 1.50 (0.1) < 0.01
th’/, mm*
Thickness variation, 0.44 (0.1) 0.02 (0.1) < 0.01
Ath, mm#*
Deformation, ¢ 20.6% 1.3%
Proportion of thickness 95% 5% < 0.01

variation O Overall
thickness variation

Values are means (SD).
*Student’s t-test for differences among variables.

number of stressed interlobular septa, showing greater stiff-
ness than the interlobular septa of the macro-chambers.
Instead, adipose lobules were less stiff than connective
septa. Consequently, the adipose lobules of the micro-
chambers deformed less than those of the macro-chambers.
Because of the different dimensions of the former, the lat-
ter revealed greater strain in adipose lobules than in micro-
chambers (Fig. 4).

Discussion

The ultrasound of IFP has recently been reported as an
alternative imaging technique, patient-friendly, safe, and
also non-invasive and less expensive than MR, enabling
dynamic and comparative assessment in real time (Bayar
et al. 2008; Naredo, 2015). This study analyses the micro-
scopic and ultrasound characteristics of the IFP in healthy
subjects, for better understanding of changes in US parame-
ters in pathological conditions. As in vivo dynamic data of
changes in IFP during movements are rarely reported,
thanks to the widespread use of this radiological method,
this study may represent a first step in the correlation
between microscopic findings and the ultrasound arrange-
ment of the IFP analysed during flexo-extension movements
in the normal population.

The IFP is organised into two clearly defined tissue lay-
ers: one superficial, generally resembling the adjacent
extra-articular subcutaneous fat, with greater elasticity,
and a deeper homogeneously hypo-echoic layer, without
interlobular septa (Vera-Pérez et al. 2017). Our histo-topo-
graphical analysis does in fact show that the IFP consists
of white adipose tissue: the lobules closer to the patellar
tendon are larger than the deeper ones (P < 0.001) and
the interlobular septa are thicker in the deeper levels. The
variation in size of lobules inside the IFP may be due to
the varying arrangements of the interlobular septa, which

© 2019 Anatomical Society
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Fig. 4 Numerical models of macro- and micro-chambers, composed of interlobular septa and adipose lobules: initial conformation (A) and
deformed configuration under unconfined compressive loading (B). Results from numerical analysis of compression loading. Distribution of tensile
stress (C) and compressive strain (D) fields for macro- and micro-chambers at same load level.

are the result of force vectors during knee movements.
These structural characteristics of the IFP explain the
three-dimensional mesh connecting the epitenon of the
patellar tendon to the synovial membrane. This mesh acts
as a mechanoreceptor working in the proprioceptive regu-
lation of knee kinematics, due to the extensive distribu-
tion of nerves in the IFP and its peculiar configuration
(Macchi et al. 2016).

This type of organisation with lobules of various sizes in
the superficial and deeper parts may reflect the mechanical
property of the IFP, affecting the overall mechanical
response. To analyse the relationship between histo-mor-
phological configuration and mechanical properties, finite
element micro-models were developed, based on the
mechanical properties and geometric configuration of the
specific tissue subcomponents. The reliability of the proce-
dure has previously been reported in works analysing the
mechanical behaviour of foot adipose tissues (Gurumurthy
et al. 2017; Fontanella et al. 2018). In other fat pads, such
as the calcaneal fat pad, differences in lobule sizes have
been reported (Natali et al. 2010, 2012a,b): small adipose
chambers are found close to the dermis, and their dimen-
sions progressively increase towards the calcaneum.

© 2019 Anatomical Society

Vertically oriented chambers are located in the central por-
tion of the calcaneal fat pad, whereas chambers are smaller
and more transversally oriented in the lateral and posterior
regions (Jahss et al. 1992; Natali et al. 2012b). The configu-
ration found in IFP determines the actual mechanical
response of the tissues in various loading configurations,
stressing the fact that the morphological configuration
influences the biomechanical response. Comparison of
results from numerical studies on the macro- and micro-
chambers confirms the differing responses according to the
characteristics of geometric conformations. Numerical
results allow us to identify the different stress and strain
fields within the tissues, for better understanding of the
mechanical role of the IFP in the overall functionality of the
knee joint.

Functional changes in the IFP have been explored by
imaging. In particular, IFP impingement has been hypothe-
sised to be a dynamic phenomenon. High-resolution US can
reveal the various sites of IFP impingement in both knee
flexion and extension: in fact, the supra-lateral portion of
the IFP has been reported to adopt a relaxed, freely expan-
sive and relatively fluid state in flexion (Mace et al. 2016).
Our study is the first to document that the thickness of the



86 IFP lobular structure in knee kinematics, V. Macchi et al.

superficial part of the IFP, i.e. the macro-chambers, changes
during knee movement. In addition, the characteristics of
the superficial US adipose lobules have been found to
change in both area and perimeter during flexion. These
data match the changes in the antero-posterior distance of
the largest US fat lobule measured at 0° and 90° by US,
described by Mikkilineni et al. (2018) as a value which
determines the percentual compressibility of the lobule
itself. Changes in superficial US adipose lobules may also
reflect differences in the radius of the curvature between
the superficial and deep locations of the IFP in the flexed
knee.

We have also demonstrated that, during flexion, the
thickness of the IFP is reduced, due to the greater contribu-
tion of the superficial (i.e. micro-chamber) adipose layer, by
up to 95% of deformation. However, a change in the con-
figuration of the IFP has also been demonstrated by US,
with a reduction in the size of the acoustic window with
increasing flexion and loss of the discernible two-layered
pattern (Vera-Pérez et al. 2017), accounting for the chan-
ged morphology of the adipose lobules.

Our study had the following limitations: The analysed
population was represented by a small number of volun-
teers, mostly women. This is because the subjects were
undergraduate and post-graduate students of the School
of Medicine of the University of Padova, with a prevalence
of female subjects. However, no statistically significant dif-
ferences were found with reference to gender (Macchi
et al. 2016). The histo-topographical study was conducted
in another group of subjects, not those of the US study.
However, the general configuration of adipose lobules in
the superficial and deep layers was confirmed in all speci-
mens and, due to the intrinsic characteristics of adipose
tissue, postmortem changes due to differences in vascular
supply, hydration or temperature (Klauser et al. 2013) may
have affected the US examination of cadaver.No patho-
logical subjects were analysed: in pathological IFP, it will
be very interesting to evaluate whether adipose lobules
can change their configuration, as IFP in knee osteoarthri-
tis shows the increased thickness of the interlobular septa
with respect to that of controls, although no differences
were detected in the mean diameter of osteoarthritic adi-
pose lobules in the IFP (Favero et al. 2017).

Conclusions

The present study is the first description of changes in the
adipose configuration of the IFP during flexo-extension
movement of the knee, studied according to a non-invasive
method. The histo-topographical arrangement of the adi-
pose lobules shows a peculiar configuration, with large lob-
ules close to the patellar tendon and small ones at the deep
level. The use of numerical models based on the present
data may contribute to our understanding of the biome-
chanical role of the IFP in knee kinematics.
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