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Abstract

Introduction We investigated the safety, efficacy, functional, and clinical outcomes of intra-osseous implantation of mechani-
cally isolated, autologous stromal vascular fraction (SVF), an Australian patented direct ultrasonication technology (Sahaj
Therapy®) in osteonecrosis of the femoral head (ONFH).

Materials and Methods A total of 32 cases of ONFH were enrolled in the study after confirming with an MRI of the affected
hip. All cases were treated with an intra-osseous autologous SVF implantation [4—5 cc with the cellular dosage of 8.0 x 107
cells with a viability of > 85% SVF cells] on the same surgical sitting. All the cases were followed up clinically, functionally,
and radiologically at regular intervals. A comparison of mean HOOS scores at different follow-ups was done using Paired
‘t’-test. A P value of <0.05 was considered significant.

Results In our study, male preponderance was seen (53.1%). According to the modified Ficat and Arlet classification, the
most common grade of ONFH was grade 2 [right: 25 hips and left: 25 hips]. There was a statistically significant improve-
ment in the mean HOOS score of the right hip (n=10) and left hip (n=9) from preoperative time till 72 months (P <0.05).
The follow-up MRI of the affected hips shows improved osteogenesis without any further worsening of the contour of the
femoral head. No adverse effects were seen in any of the study participants.

Conclusion For individuals with ONFH, treated with intra-osseous autologous SVF implantation in the same surgical proce-
dure is an innovative and promising treatment modality. Even after 6 years of follow-up, the study participants with ONFH
have shown good clinical and functional outcomes with autologous SVF.
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Introduction as a result of loss of blood supply that causes osteoarthri-
tis [1], the deficiency of blood supply can be because of
Osteonecrosis of the femoral head (ONFH) is an advanc-  various factors like trauma, genetic predilection, systemic

ing disease that is delineated by the spontaneous demise = abnormalities, metabolic components, drugs, and other
of the cellular element of the subchondral part of the bone  local causes [2, 3]. The mechanism of development is not
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clear but the endpoint is reinstating the bone that is dead
with thin fragile trabeculae that is susceptible to fracture
and collapse with stress [1].

The pathogenesis behind ONFH remains ambiguous [4,
5], it is commonly perceived that the various causes pre-
determine the perilous blood supply to the femoral head,
which in turn results in ischemia of the bone that triggers
the demise of the cells of the bone and ultimately causes
the collapse of the necrotic section of bone [6—8]. The
sequel of the above-mentioned leads to the collapse of
the femoral head and secondary arthritic changes of the
affected hip [9, 10]. In a high number of patients, with-
out early diagnosis and appropriate treatment, osteone-
crosis progresses to collapse of the femoral head with
the destruction of the hip joint and necessitates total hip
arthroplasty (THA) to bring back effective function of the
hip joint [11]. In the recent past, many young individuals
are affected and THA at a young age will not increase
the lifetime of the patient and so hip-conserving treatment
options are mainly in need for these young individuals in
the early stages of ONFH disease [12, 13].

Among the various available stem cells, the mesen-
chymal stromal cells (MSCs) are one of the most com-
mon subsets used, which is distributed in a vast range of
tissues viz, peripheral circulation, adipose tissue, bone
marrow, Wharton’s jelly, umbilical cord, amniotic fluid,
dental pulp, hair follicle, dermal papillae, etc. [14-20].
MSCs can delineate into osteoblasts and endothelial cells
to propagate the repair of bones and angiogenesis and also
would crop growth factors to induce blood supply to the
areas of necrosis by paracrine modes [21-24]. Stem cell
therapy has been serving as one of the hip-conserving
treatment choices for the past two decades since the first
case report of stem cell treatment for ONFH [25]. In the
past few years, there has been rapid progress in the field of
tissue engineering and cell biotechnology, which has led
to encouraging results in ONFH treatment.

Adipose tissue-derived mesenchymal stromal cells (AD-
MSCs) are a good stem cell source for ONFH therapy and
have many advantages such as easily attainable, greater
productivity, and analogous potential for differentiation
as bone marrow stem cells [26, 27]. The by-products of
AD-MSCs are adipose tissue-derived stem cells (ADSC),
microfat, nanofat, stromal vascular fraction, microvascu-
lar fragments, and exosomes [28]. The excessive expres-
sion of vascular endothelial growth factor (VEGF) could
increase the osteogenesis capacity and neoangiogenesis by
AD-MSCs [29]. In our study, we investigated the safety,
efficacy, functional, and clinical outcomes of intra-osseous
grafting of mechanically isolated, autologous stromal vas-
cular fraction (SVF) Australian Patent technology (Sahaj
Therapy®) in osteonecrosis of the femoral head (ONFH).

Materials and Methods

After obtaining the institutional ethical clearance [[IMCHRC/
IEC/2015/013 dated 02.05.2015], the present prospective
observational study was conducted on 32 patients [from May
2015 to May 2021] suffering from osteonecrosis of the femo-
ral head (ONFH) with modified Ficat and Arlet classifica-
tion grades I to III. Voluntary written informed consent was
obtained from the patient and/or his/her legally acceptable
representative for participation in the study.

Inclusion Criteria

The patients with idiopathic ONFH of age between above
18 years, patients with modified Ficat and Arlet classification
grades I to III ONFH, patients with self-reported difficulty in
at least one of the following activities such as lifting and car-
rying groceries, walking 400 m, getting in and out of a chair,
or going up or down the stairs, patients with an adequate renal
(serum creatinine < 1.5 mg/dl), cardiovascular, and respiratory
functions, patients with PT/INR < 1.5 and normal APTT value,
and patients with an adequate immune system function and no
known immunodeficiency were included in the study.

Exclusion Criteria

The patients with ages less than 18 years, patients with modi-
fied Ficat and Arlet classification grades IV ONFH and sec-
ondary ONFH, patients with an active neoplastic disease diag-
nosed in the last 3 years, patients with a BMI more than 35,
patients with a history of any surgery including arthroscopy
or major trauma to the affected hip joint in the last 12 months,
patients with the signs of active infection or inflammation over
the joint, patients with inflammatory joint diseases or laxity in
joint, patients who are positive HIV, HbsAg, HCV or VDRL
were excluded from the study.

Surgical Procedure

After obtaining consent for participation and other consents
relevant to the treatment, the isolation and implantation of
autologous SVF into hip joints were performed. The whole
procedure from harvesting the autologous adipose tissue to the
isolation and implantation of autologous SVF into the hip was
done in the same surgical sitting which took around 90 min.
The following steps were performed as depicted in Fig. 1.

Lipoaspiration
The patient was prepared for the procedure with all asep-

tic precautions. Pre-procedural antibiotics, anxiolytics,
and/or opioid-based pain medications were administered
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Fig. 1 Preparation of stromal
vascular fraction (SVF). A
Marking of the abdomen for
lipoaspiration, B lipoaspiration
in the canister, C adipose tissue
disruption by direct ultrasonic
cavitation process, and D, E
intra-osseous SVF grafting in
same surgical sitting in the right
femoral head

if needed. Under sedation/short general anesthesia, a stab
incision on the abdomen using a #11 blade was made for
cannula entry after local infiltration with 1% lidocaine with
epinephrine 1:100,000. 40 ml of 2% lidocaine plus 1 ml of
1% epinephrine was added to a 1000 ml bag of 0.9% nor-
mal saline and was infiltrated with the tumescent anesthesia
on the infraumbilical area of the abdomen. Approximately,
200-250 cc of adipose tissue was aspirated into the patented
sterile Lipoaspiration Jar (Design No. 316580-001) contain-
ing 0.9% sterile normal saline and sodium bicarbonate.

Recovery of the Autologous Adipose Tissue (ACRU Unit)

Approximately 300—450 cc of autologous adipose tissue was
harvested. In Class II Bio-Hood, the sample was divided
into 50 ml tubes and tissue fragmentation was done using
direct ultrasonic cavitation (Australian Patented Technol-
ogy) which was used to separate the SVF or cellular fraction
from fat. These 50 ml tubes were centrifuged with a pellet
being formed at the bottom of the tube. The tube was turned
upside down after screwing a tube filter to the 50 ml tube.
The pellet separated was the SVF or cellular fraction, which
is the heterogeneous population of cells. The cell count and
viability were checked using the Muse Cell Flow cytometer.

Intra-osseous Autologous SVF Grafting

Under local anesthesia and mild sedation, chlorhexidine was
used for hip preparation. Under c-arm guidance, a 18-gauge
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bone marrow needle was inserted into the necrotic area of

the femoral and the prepared autologous SVF of 4-5 cc
with the cellular dosage of 8.0x 107 cells with a viability
of >85% SVF cells were implanted intraosseously into the
affected femoral head under C-arm guidance.

Follow-up

Patients with autologous SVF implantation into the affected
hips were instructed to contact the surgeon in case of fever,
pain, and any other adverse events. Patients were followed
up regularly functionally by Hip Disability and Osteoarthri-
tis Outcome Score (HOOS) at the end of 3, 6, 12, 24, 36, 48,
60, and 72 months after the procedure by telephone, email,
or in person for radiological documentation as depicted in
Figs. 2, 3, 4 and 5. The patients were allowed to walk with
support for first 3 weeks immediately after the surgical pro-
cedure and complete weight bearing was allowed after 3™
week in the post-operative period.

Statistical Analysis

Statistical software, SPSS version 26.0, IBM Chicago, Illi-
nois was used for statistical analysis. Descriptive statistics
were presented as numbers and percentages. Paired ‘#’-test
was applied to compare the preoperative HOOS score at
various follow-ups. A P value of < (0.05 was taken as statisti-
cally significant.
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Fig.2 Plain radiograph of
pelvis with bilateral hips (AP)
showing A stage 2b left ONFH,
B immediate follow-up x-ray
of SVF implantation over the
left femoral head, C 1-year
follow-up x-ray with osteogenic
activity over left femoral head,
and D 4-year follow-up x-ray
with maintained femoral head
contour

Fig.3 A MRI of bilateral hips
showing stage 2b left ONFH
and B 4 years follow-up MRI
of bilateral hips showing
maintenance of left femoral
head contour with improved
osteogenesis
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Fig.4 Plain radiograph of
pelvis with bilateral hips (AP)
showing A stage 2a ONFH of
right hip and B 5-year follow-up
x-ray with osteogenic activ-

ity over right femoral head

with maintained femoral head
contour

Fig.5 A—C MRI of bilat-

eral hips showing stage 2a
right ONFH and D-F 5 years
follow-up MRI of bilateral hips
showing maintenance of right
femoral head contour with
improved osteogenesis

Results

A total of 32 patients with ONFH treated with intra-osse-
ous SVF implantation were analyzed and followed up at
regular intervals. The demographic characteristics were
tabulated in Table 1. The majority of the patients were
in the age group 21-40 years (53.1%) and the least was
more than 60 years age group (9.4%). The mean age of the
patients was 41.97 +12.53 years (range: 21 to 62 years).
Males were slightly more than the females in our series
(53.1% vs. 46.9%). 43.8% of patients were in the normal
weight group, 40.6% of patients were overweight and
12.5% of patients were obese. Patients with ONFH of 31
right hips (modified Ficat and Arlet classification: grade
1—4 hips; grade 2a—12 hips; grade 2b—13 hips, and
grade 3—4 hips) and 28 left hips (modified Ficat and Arlet
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Table 1 Demographic characteristics of study participants (N =32)

Demographic characteristics Frequency Percentage
Age
21-40 years 17 53.1
41-60 years 12 37.5
> 60 years 3 9.4
Gender
Female 15 46.9
Male 17 53.1
BMI category
Underweight 1 3.1
Normal weight 14 43.8
Overweight 13 40.6
Obese 4 12.5
Total 32 100.0
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classification: grade 1—2 hips; grade 2a—135 hips; grade
2b—10 hips, and grade 3—1 hip) underwent autologous
SVF implantation. The distribution of patients available
at each follow-up is depicted in Table 2.

Preoperatively, the mean HOOS score of the right hip was
44.07 +10.39, at 3 months it was 55.82+ 10.61, at 6 months
it was 59.26 +9.75, at 12 months it was 65.06+9.09,
at 24 months it was 70.09 +9.42, at 36 months it was
73.71 +£9.73, at 48 months it was 75.64+9.51, at 60 months
it was 77.27 +£9.47 and at 72 months it was 79.65 +10.16
as mentioned in Fig. 6. There was a statistically significant
improvement in the mean HOOS score of the right hip from
preoperative time till 72 months (P <0.05) as shown in
Table 3.

Preoperatively, the mean HOOS score of the left hip was
44.21+9.55, at 3 months it was 56.14 + 8.40, at 6 months
it was 59.89+9.52, at 12 months it was 65.88 +8.95,
at 24 months it was 70.79 +£9.24, at 36 months it was
74.28 +9.51, at 48 months it was 76.12+9.98, at 60 months
it was 78.20+8.28 and at 72 months it was 79.60 +8.16
as mentioned in Fig. 7. There was a statistically significant

Table 2 Number of patients available at each follow-up (N=32)

improvement in the mean HOOS score of the left hip from
preoperative time till 72 months (P <0.05) as shown in
Table 4. None of the patients were deteriorated which have
not necessitated the need for total hip replacement.

Discussion

In the recent past, adult stem cell-based therapy has provided
assuring results in increasing the formation of collateral vas-
culature in ischemic conditions [29, 30]. For a prolonged
duration, the bone marrow-derived mesenchymal stromal
cells (BM-MSCs) have been abundantly utilized for thera-
peutic purposes, which require neovascularization. They are
progenitor cells with the property of multipotency, which
is the ability to diversify into vascular cells and perpetuate
neovascularization [30-32].

Other sources of easily accessible adult autologous stem
cells include adipose tissue in adults that possess a high
quantity of endothelial progenitor cells and MSCs with the
property of multipotency [33]. Adipose tissue in the body
has abundant vascularity and there is a major role in the
remodeling process of the persistent vessels in the physi-
ological behavior of the adipose tissue [34]. Zuk et al., for

Follow-up Right hip Left hip the first time in history, defined a group of look-alike cells
that resembles the fibroblast cells in adipose tissue-derived
3 months 31 28 SVF, which could disseminate in vitro into myogenic, osteo-
6 months 31 28 . . . .
genic, chondrogenic, and adipogenic cells [35].
12 months 27 24 The contents of SVF include endothelial cells (ECs),
24 months 22 20
smooth muscle cells, fibroblasts, mural cells, macrophages,
36 months 20 18 smooth muscle cells, and MSCs/phenotypes of other pro-
48 months 18 16 genitor cells [28, 36]. Of these, the focus has been kept on
60 months 15 14 the characteristic features and functional capability of AD-
72 months 10 0 MSCs in the mechanism of neovascularization. Though
Fig. 6 Comparison of mean 90
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Table 3 Comparison of mean HOOS score of the right hip at differ-
ent time intervals (N=31)

Pair  Time interval No Mean+SD ‘t’ value, df P value

Pair I Preoperative 31 44.07+10.39 —-6.542,df=30 0.001*
3 months 31 55.82+10.61

Pair2 3 months 31 55.82+10.61 —2.656,df=30 0.013*
6 months 31 59.26+9.75

Pair 3 6 months 27 60.68+9.42 —6.884,df=26 0.001*
12 months 27 65.06+9.09

Pair4 12 months 22 65.94+9.51 —6.375,df=21 0.001*
24 months 22 70.09+9.42

Pair 5 24 months 20 70.29+9.74 —7.880,df=21 0.001*
36 months 20 73.71+9.73

Pair 6 36 months 18 73.28+10.16 —5.690,df=17 0.001*
48 months 18 75.64+9.51

Pair 7 48 months 15 75.67+10.29 -2.762,df=14 0.015*
60 months 15 77.27+9.47

Pair 8 60 months 10 78.30+10.82 —2.680,df=9 0.025*
72 months 10 79.65+10.16

Paired ‘r test was applied. P value <0.05 was taken as statistically
significant

ADSCs have competency in the field of regenerative and
reconstructive medicine, SVF has proven to have exceptional
results in comparison to only AD-MSC therapy [37]. The
unique feature of SVF cells is their capability to gather into
a hierarchical, divided, infused vasculature in vivo [36].
The ECs and their precursors have CD31 as their proto-
type surface marker and CD34 is manifested by the duo-the
ECs and hematopoietic stem/precursor cells [38]. Klar et al.
[39] separated the SVF cellular components into CD344/
CD31+ cells and CD34+4/CD31— cells by the technique of
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flow cytometry. Their observation lead to the findings viz
CD31+ cells comprised of only 25% of the total cell content
in SVF and they express a particular endothelial phenotype
that could assert CD31 and vascular endothelial growth
factor receptor 2 (VEGFR2) and can assimilate fluorescent
labeled acetylated low-density lipoprotein. On the other
hand, the CD31- cells separated from the human adipose
tissue displayed properties of stromal stem cells, exhibited
surface markers specific to MSCs, and showed positivity
for CD90 and vimentin [39]. Morris et al. have found that
myeloid cells of mice comprise 22% of SVF cells [40].

In the initiation of osteogenic differentiation, transplan-
tation of autologous AD-MSCs can increase osteogenesis
and elevate bone density and bone mass in ONFH [41]. The
excessive expression of VEGF can propagate osteogenesis
and angiogenesis by AD-MSCs [29]. Abudusaimi et al.
stated that core decompression along with transplantation of
AD-MSCs enhanced the osteogenic potential of the necrotic
patches by enhancing the osteocalcin expression of ONFH
[42]. Pak et al. injected autologous adipose SVF into the
hip by percutaneous means and observed that there was an
improvement in the symptoms & there was a promotion of
bone regeneration in the osteonecrotic areas [43].

It is easy to obtain adipose tissue-derived MSCs and
have some similar biological features and properties to BM-
MSCs, also enormous amounts of MSCs can be obtained
without any necessity for ex-vivo culture [44]. There are
various comments that the ischemic surrounding reduces
the osteoprogenitor cell count in the healthy part of the head
of the femur which in turn provides the process of necrosis
an upper hand and leads to the spread of the lesion because
of the inability to repair the disease progress [43]. Lee et al.
elaborated on the potentiality for the repair of the human
AD-MSCs, which when implanted into mice by activating
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Table 4 Comparison of mean HOOS score of the left hip at different
time intervals (N =28)

Pair Time interval No Mean+SD ‘t’ value, df P value

Pair 1 Preoperative 28 44.21+9.55 —10.353,df=27 0.001*
3 months 28 56.14+8.40

Pair 2 3 months 28 56.14+8.40 —4.383,df=27 0.001*
6 months 28 59.89+9.52

Pair 3 6 months 24 61.41+899 —17.527,df=23 0.001*
12 months 24  65.88+8.95

Pair 4 12 months 20 66.94+9.16 —6.217,df=19 0.001*
24 months 20 70.79+9.24

Pair 5 24 months 18 71.36+895 —6.296,df=17 0.001*
36 months 18 74.28+9.51

Pair 6 36 months 16 74.20+9.77 -—4.157,df=15 0.001*
48 months 16 76.12+9.98

Pair 7 48 months 14 76.07+10.62 —2.305,df=13 0.038*
60 months 14 78.20+8.28

Pair 8 60 months 9 7796+949 —-2.582,df=8  0.033*
72 months 9 79.60+8.16

Paired ‘r test was applied. P value <0.05 was taken as statistically
significant

an excessive amount of osteoblasts and osteoclasts active-
ness in the bone, and inferred that AD-MSCs would be a
helpful tool in the treatment of osteoporosis and repair of
bones [45]. Jeyaraman et al. concluded that a combination of
core decompression with BM-MSCs implantation provides
better osteogenesis at the necrosis of the femoral head than
core decompression alone [21].

From recent studies, it has been proven that the potential
of differentiation and repair of the AD-MSCs are equiva-
lent to the mandible-derived MSCs (MD-MSCs) with actual
dominance in regards to culture, harvest, and interventional
safety [46]. Researchers are working on the details regard-
ing the optimization of the treatment modalities in bone
lesions and defects. Mihaila et al. conducted a study that
demonstrates the fact that by acquiring the needful amount
of subpopulation of adipose tissue of humans, we will be
able to procure the relevant type of cells needed for the
manufacturing of vascularized bone tissue-engineered scaf-
folds, whereas Behr et al. delineated the fact that invitro
employment of particular growth factors may improve the
osteogenic potential of AD-MSCs [47].

Core decompression, often with augmentation, stands
as a widely accepted treatment for early-stage ONFH.
The overall success rate is 65% and varies widely with
the success rate showing significant difference on the
outcomes of different stages [48]. Core decompression
predominantly aims to relieve bone pressure. In contrast,
our approach capitalizes on the regenerative potential

harbored within adipose-derived stem cells from the
stromal vascular fraction. These cells exhibit promising
attributes in fostering tissue rejuvenation, dampening
inflammation, and facilitating angiogenesis. Despite its
relative minimally invasive nature, core decompression
involves drilling and can entail a protracted recovery span
(typically around 6 weeks before full weight-bearing is
advised). Conversely, the SVF technique's less invasive
procedure involves adipose tissue extraction, subsequent
SVF processing, and targeted injection into the afflicted
region, yielding briefer recuperation periods. Notably, our
technique even permits immediate weight-bearing. This
study underscores the distinct edge of the SVF approach.
Choosing between the two methodologies pivots on fac-
tors like the patient's status, inclinations, and disease
stage. Enhanced comprehension of the comparative effi-
cacy in tackling ONFH necessitates additional research
and comprehensive clinical trials.

In our study, there was a statistically significant
improvement in the mean HOOS score of the right hip
(n=10) and left hip (n=9) from preoperative time till
72 months (P < 0.05). The follow-up MRI of the affected
hips shows improved osteogenesis without any further
worsening of the contour of the femoral head. No adverse
effects were seen in any of the study participants. The
limitations of the study are the small sample size of study
participants with a shorter duration of follow-up, only 20%
of the study participants were followed-up for 6 years,
and no comparison group to compare the effectiveness of
autologous SVF in ONFH. We recommend a large blinded
controlled trial to validate the results of our study.

Further research is essential to comprehensively unravel
the precise mechanisms of SVF's action, as these potential
actions hold promise in contributing to the alleviation of
ONFH. The potential mechanisms of action could include:

(a) The ability of MSCs to differentiate within SVF into
various cell types, including bone-forming cells (osteo-
blasts), aiding in the formation of new bone tissue and
repairing the damaged bone,

(b) Beyond their direct differentiation potential, the
MSCs within SVF secrete various bioactive molecules
through paracrine signaling. These molecules encom-
pass growth factors, cytokines, and extracellular vesi-
cles, which can significantly impact local cells, promot-
ing their survival, proliferation, and regeneration, and

(c) Inflammation is often intertwined with ONFH, exacer-
bating tissue damage. SVF also contains anti-inflamma-
tory cytokines that can modulate the immune response
and mitigate inflammation in the affected region. This
reduction in inflammation can foster an environment
supportive of tissue recovery.
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Conclusions

In our study, significant improvements in HOOS scores and
enhanced osteogenesis, evident in postoperative MRI, under-
score the positive impact of SVF treatment on ONFH over
a 6-year follow-up period. The absence of adverse effects
among participants is encouraging. Nevertheless, the study's
limitations, such as a small sample size and short follow-up
duration for some participants, call for a larger, controlled
trial to validate our findings and better compare the effec-
tiveness of autologous SVF therapy in ONFH. This research
direction holds the potential for SVF to become one tool in
orthopedics approach to treatment of OFNH.
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