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Aim: Over the past two decades, there has been a dramatic increase in the research of the 
use of autologous fat grafting in clinical practice. Despite the many advantages this method 
possesses, the unpredictable fat resorption rates limit its use. The primary aim of this 
study was to develop an accurate, quick, non-invasive assessment tool, using the nuclear 
magnetic resonance (NMR) technique, which allows the injection of fat in small droplets 
rather than in large aliquots (the main drawback of our formerly described method) which 
allows assessment of fat retention in a more clinically relevant way. Methods: A total of 
7 nude mice were transplanted with human fat using the Coleman technique. Pre- and 
post-transplantation and then once weekly, mice were analyzed using an NMR scanner. 
At the end of the 7-week experimental period the mice were sacrificed. Results: Seven 
weeks following transplantation 7 mice demonstrated a decrease of 40% of their average 
fat content compared to immediately post transplantation (standard deviation of 18%). 
All mice followed the same trend, and the low standard deviation throughout emphasizes 
the accuracy of NMR as a reliable assessment tool. Conclusion: This preliminary study 
demonstrates that NMR is a reliable and accurate tool to assess fat content, and has allowed 
development of a clinically relevant animal model for human fat transplantation.
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INTRODUCTION

Autologous fat transplantation for soft-tissue 
augmentation has become increasingly popular in 
recent years. For more than a century fat grafting has 
been used for facial contouring, breast augmentation, 
breast reconstruction after mastectomies, post-
traumatic deformities, congenital anomalies and 
burn injuries.[1-3]

Fat tissue is abundant, readily available, inexpensive, 
host compatible, associated with low morbidity and 
can be harvested easily and repeatedly. However, 
according to the literature, there is a varied overall 
survival rate of the fat graft in the range of 20-70%.[4-6]

Aspirated fat tissue used for autologous fat 
transplantation is devoid of blood microvessels which 
have been destroyed during aspiration and removed 
during processing prior to injection. Therefore, the fat 
tissue that is injected into a recipient is considered 
to be an ischemic fat cell mass. During the early 
period following transplantation, the fat transplant 
exists under hypoxic and hypo-nutritional conditions. 
Revascularization fail to be initiated in this early 
period, apoptosis ensues and results in late fat 
cell degeneration, low viability and ultimately fat 
resorption.[7]

In order to maximize the surface area and hence 
exposure to blood supply of the graft, surgeons now 
inject very small aliquots of fat grafts into multiple 
subcutaneous tunnels (Coleman’s technique).[8]

We previously developed a novel animal model in 
which human fat was grafted into the scalp area of 
nude mice.[9-13] This model allowed  investigation of  the 
mechanisms of fat absorbtion and exploration of the 
efficacy of new compounds, with potential to increase 
the vasculature and viability of  fat grafts.[14-18] In this 
previous model, fat was grafted as a bolus to allow 
ease of collection and analysis.

However, a bolus has a relatively small surface area 
in contact with vascularized tissue, and therefore 
the center of the graft suffers from higher rates of 
ischemia, necrosis and resorption. Therefore, a new 
and more clinically relevant animal model needed to 
be developed.

In this manuscript, a new animal model is presented 
which is consistent with the clinically relevant 
Coleman fat grafting technique in which small droplets 
are transplanted, and a new assessment tool (NMR) 
is used [Figure 1]. Using this technique allowed 
measurement of the small fat droplet content in vivo, 

without the difficulties of manual collection of the 
dispersed small fat droplets at the end of the study.

METHODS

Isolation and preparation of human fat tissue
Fat was harvested from the thigh of a 50-year-old 
woman undergoing suction-assisted lipectomy under 
general anesthesia. Prior to commencement of the 
procedure, the areas of aspiration were injected with a 
local anesthesia solution containing lidocaine (0.5%) 
and adrenaline in order to decrease bleeding during 
fat aspiration and relieve pain after the procedure. 
The fat was aspirated using a 14-gauge 3-hole blunt 
cannula, and then processed under sterile conditions 
for subsequent grafting into nude mice within 2 h of 
collection. Following aspiration, the fat-containing syringe 
underwent 2 rounds of centrifugation (1,200 rpm, 10 min 
at room temperature) and then was placed vertically 
for 10 min.[14-18]

Between centrifugations, the three different layers 
(oil, adipose and fluid) were separated. After the 
last centrifugation, the adipose layer was collected 
and loaded into 2 mL syringes. All procedures were 
performed under sterile conditions.[19]

The participant gave her written informed consent, and 
the study was reviewed and approved by the Helsinki 
committee of the Rambam Health Care Campus and 
the institutional review board of the Technion Animal 
Care and Use Committee.

Animals and study design
The study was composed of nine 7-week-old female 
CD-1 nude mice (Envigo, Jerusalem, Israel). Seven 
mice received transplants of human fat, while two mice 
served as controls without human fat transplantation.

The animals were housed in a specific pathogen-free 
room, with 1 animal per cage in a room with an artificial 
12 h light/dark cycle at a constant temperature range 
(24 ± 2 ℃) and relative humidity (55 ± 10%). The mice 

Figure 1: Nuclear magnetic resonance device
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were acclimatized for 5 days prior to the study, and fed 
standard chow and water ad libitum.

The recipient area of the mouse was disinfected with 
70% ethanol. Fat was subsequently slowly injected as 
small droplets into multiple tunnels in the two lateral 
sides of 7 nude mice at 1 mL volume per side (for a 
total of 2 mL per mouse) [Figure 2].

Follow-up and data collection
The duration of the study was 7 weeks starting from 
the day of human fat transplantation. Before and 
immediately post-transplantation, and then once 
weekly following transplantation, the mice were 
weighed using a standard digital weighing machine 
and were analyzed using the minispec live mice 
analyzer (minispec, LF90. Bruker, USA). Seven weeks 
following human fat transplantation the mice were 
photo-documented [Figure 2B] and were sacrificed.

NMR analysis
The time-domain NMR (TD-NMR) provides a precise 
method for in vivo measurements of lean tissue, body 
fat and body fluid in live mice and rats.

The advantages of the TD-NMR make it an ideal 
device to measure fat and lean content in the following 
industries: food, textile, polymer, pharmaceutical 
and healthcare.

NMR uses a permanent magnetic field and radio 
frequency energy to examine sensitive nuclei, such 
as hydrogen and fluorine. The radio frequency signals 
generated by the nuclei are detected by the device. 
Each sample’s properties are translated by the minispec 
as different amplitudes and signal durations.[20] The 
use of the device is simple and not time consuming 
[Figure 1]. The miniaturization of the device makes it 
more accessible and cost-effective when compared to 
the NMR device used in the clinic.

Statistical analysis
Means and standard deviation were calculated. 
Differences between means were analyzed for 
statistical significance using one-way analysis of 
variance with the Tukey-Kramer multiple comparisons 
post test (SPSS version 17.0). P values ≤ 0.05 were 
considered significant.

RESULTS

All 9 mice completed the 7-week study period. They 
appeared to be healthy and there was no evidence 
of cachexia during the entire study period. The 
photographs of the mice before and at the study 
endpoint clearly demonstrated the resorption of the fat 
droplets over the 7-week period [Figure 2].

Seven mice were transplanted with human fat. 
Before fat transplantation, the average fat content, as 
analyzed by the NMR device, was 3.8 ± 0.8 gr per 
mouse. One day following transplantation, the fat 
content increased to 6.0 ± 0.7 gr [Figure 3A].

Seven weeks following transplantation, the average 
fat content had decreased by 0.9 ± 0.3 gr per mouse 
to 5.1 ± 0.6 gr (P < 0.04) [Figure 3A], representing 40 
± 18% percent fat resorption as compared to day 1 
following transplantation [Figure 3B].

In the control group, 2 mice, not injected with 
human fat, were measured by the NMR device and 
demonstrated consistent fat content throughout the 
study period (2.5 ± 0.9 at day 1, and 2.6 ± 1.0, not 
significant) [Figure 3A].

The NMR device calculates both lean body mass 
and fat content. During the 7 weeks following fat 
transplantation, a decrease was also observed in 
the fat to lean ratio, as compared to the ratio 1 day 
following transplantation (0.29 ± 0.02 and 0.31 ± 0.03, 
respectively, P < 0.05) [Figure 3C]. The decrease of 
calculated fat content and fat/lean ratio represents 
an increase of the calculated lean content. Indeed, 
lean content increased from 15.0 ± 3.0 gr before 
transplantation to 17.6 ± 1.8 gr following the 7-week 
experimental period.

The total weight of the mice (as analyzed by 
a standard digital weighing scale), increased 
throughout the study from 28.8 ± 1.6 gr before fat 
transplantation, to 31.3 ± 1.9 gr 1 day following fat 
transplantation, to 32.4 ± 2.3 gr at the end of the 
study [Figure 3D]. This elevation was a result of fluid 
intake and increased lean body mass. The standard 
digital weighing scale measures total body weight 
which includes water content, lean body mass, and 

Figure 2: Representative photographs of nude mice before fat 
transplantation (A), 1 h following fat transplantation (B), and (C) 7 
weeks following transplantation
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fat mass. The advantage of the NMR analyzer is in 
its ability to characterize the water content, lean body 
mass, and fat mass into separate measurements.

The distribution of the human fat within the tested 
mice is demonstrated in Figure 4. Although prior to 
transplantation all mice demonstrated variable fat 
content with the most lean mouse having 2.2 gr of 
fat and the most obese mouse having 4.6 gr of fat 
content (average of 3.7 gr with standard deviation of 
0.8), 1 day following fat transplantation the average 
transplanted fat content (calculated as fat content 
1 day post transplantation minus fat content 1 day 
before transplantation) was much less variable (2.2 gr 
with standard deviation of 0.2).

Figure 5 demonstrates a 40% decrease in fat 
graft weight with an average weight of 2.2 ± 0.3 gr 
following transplantation and 1.3 ± 0.1 gr 7 weeks 
following transplantation, as was observed by the 

NMR analysis. Most mice demonstrated a consistent 
decrease in fat graft weight (34 ± 7%) with only 1 
mouse demonstrating an 80% decrease in fat weight 
7 weeks following transplantation.

DISCUSSION

Autologous fat transplantation was first described 
a century ago, but only in the past decade has it 
gained attention as an ideal filler for soft tissue 
reconstruction.[21] Because of the unpredictable 
outcomes associated with autologous fat 
transplantation, clinical scientists and physicians 
have experimented with various methods to find 
ways to increase the viability of injected fat while 
reducing its rate of reabsorption.[22] Researchers 
have evaluated how the fat is harvested, prepared, 
and injected, and if the fat can be treated with 
different compounds in order to improve survival. 
This includes compounds to increase angiogenesis 

Figure 3: (A) Fat content as determined by nuclear magnetic resonance (NMR) analysis; (B) percent of fat absorption at the study end 
point; (C) fat/lean ratio (NMR analysis); (D) standard digital weight assessment of mice at different time points. NS: not significant (as 
compared to control mice before transplantation)
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Figure 4: A graph demonstrating the change of fat composition at 
different time points as analyzed by nuclear magnetic resonance 
technology

Figure 5: The difference between fat graft subsequently and 7 
weeks following transplantation as analyzed by nuclear magnetic 
resonance technology
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such as erythropoietin, and growth factors including 
insulin growth factor, fibroblast growth factor, platelet 
derived growth factor and vascular derived growth 
factor.[23,24] Other relatively new methods include cell-
assisted lipotransfer with adipose-derived stromal 
cells,[25] and the use of an enriched, serum free 
cell culture medium (Cariel) as a supplement to the 
injected fat.[18] Although most of these new methods 
have slightly improved the take of the transplanted 
fat, none have shown truly satisfactory and cost-
effective results.

The majority of published results on long-term fat 
survival following transplantation and outcomes 
are based on subjective analysis of photographs or 
anecdotal reports.[26,27] In human studies, there is a 
relative lack of evidence with only a small number of 
objective studies using three-dimensional imaging, 
ultrasonography, computed tomography (CT), and 
magnetic resonance imaging.[28-30]

Small animal models have facilitated more accurate 
evaluations of fat graft survival and “take”. However, 
histologic assessment of fat grafts in animals is 
expensive, time consuming and not amenable to the 
examination of large volumes of tissue and accurate 
assessment of fat grafted by use of the Coleman 
technique. Further, it requires sacrifice of the animal 
in order for tissues to be harvested for processing, 
embedding, sectioning, and staining with subsequent 
analytical evaluation. Traditional CT or micro CT 
examination is expensive, time consuming (30+ min 
per animal), requires anaesthetic, and radiates the 
animal with roughly 30 Gy. Its use is limited as early fat 
necrosis cannot be easily distinguished from viable fat.

Currently, there are two types of instruments available 

for non-invasive and sequential ex vivo analysis of 
small animals: dual energy X ray absorptiometry 
(DXA) and small animal NMR. The NMR has several 
advantages over the DXA including the speed and cost 
of measurements (< 2 min) and the ability to ethically 
study non-anesthetized animals.[31,32]

NMR is a physical phenomenon which exploits the 
magnetic properties of certain nuclei to provide detailed 
structural, dynamic and energetic information of 
molecular compounds.[33] Although NMR spectroscopy 
is a powerful technique, application has been limited 
due to the high cost and complexity of the device. 
Recently, miniaturized low-field benchtop TD-NMR 
instruments have been developed. While the newly 
developed device lacks some degree of sensitivity 
and resolution, it is capable of powerful relaxation time 
analysis and has gained popularity due to its simplicity 
and cost-effectiveness.

However, validation studies of NMR instruments are 
currently limited and have not been used in fat graft 
assessment. Taicher et al.[34] examined the precision 
and accuracy of the NMR (EchoMRI) compared to 
DXA and chemical carcass analysis. They found 
higher precision of NMR (vs. DXA) for measurements 
of fat content in lean and obese mice. In diet-induced 
obese mice, the coefficient of variation for fat mass by 
NMR and DXA were 0.34% and 9.59%, respectively.

In order to overcome the inaccuracy of small droplet 
fat grafting collection and analysis, the use of a whole 
body composition analyzer based on NMR technology 
was studied (Brukersminispec, BCA-Analyzer). It is a 
precise method for measurement of lean tissue, fat 
and fluid in living mice.

A useful animal model should resemble the human 
disease, condition or technique, with as much 

 Mouse 1   Mouse 2   Mouse 3   Mouse 4   Mouse 5   Mouse 6   Mouse 7        Average of 7 mice

Distribution of fat among the transplanted mice 
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accuracy as possible, yet be readily available and 
provide reproducible results. A number of such 
models have been developed primarily with immune 
deficient rodents.

During the last twenty years our lab has used the 
nude mouse model for human fat transplantation.[14-18] 
The athymic nude mouse model was selected 
because of its limited ability to reject xenografts. This 
model, which has been previously used for studying 
fat injection, enables the observation of the take of 
human fat in an animal model without a confounding 
immune response leading to graft rejection.

In our prior work human fat was injected as a 
bolus with a volume of 1 mL and a diameter of 
approximately 1 cm × 1 cm. The disadvantage 
of this relatively large fat bolus is necrosis of the 
adipocytes in the center of the bolus as a result of 
poor revascularization. Clinicians now inject human 
fat as small droplets < 0.1 mL, to maximize surface 
area and thus vascularization.

Indeed, many studies using the Coleman technique 
have confirmed that small droplets of fat provide 
better “take” than larger ones, secondary to improved 
vascularization, nutrient diffusion and less ultimate 
resorption.[35-37]

The main disadvantage of our previous model was the 
inability to injected small droplets of human fat due 
to the difficulty of assessing the fat graft “take” using 
traditional methods.

Use of the NMR device demonstrated a 53% fat 
resorption following the seventh week experimental 
period. This data is in accordance with the clinical 
and pre-clinical data demonstrating a rate of 20-70% 
of fat resorption following transplantation.

The accuracy of the NMR device and its suitability 
for our purposes has been emphasized by the 
measurements of 2 control mice without human fat 
transplantation, demonstrating a small and non-
significant increase in fat content during the 7 weeks 
follow-up. In addition, the average delta of 2.2 gr of fat 
content before and 1 day following fat transplantation 
demonstrates the accuracy of the NMR device and its 
relevance to our model.

The conclusion from this study is that the NMR 
device may serve as a tool for the assessment of 
the Coleman small droplet fat grafting technique. 
Until now it was technically impossible to collect 
small droplets of transplanted fat for volume/weight 
analysis at the end of the study. Therefore, the fat 

graft was previously injected as a bolus, which was 
not clinically applicable. Another advantage of the 
NMR device is its ability to measures grafted fat 
without the need to sacrifice the animal, allowing the 
researcher to measure the fat at different time points 
during the study.

The advantages of this new model are the ability 
to analyze small fat droplets in vivo without the 
necessity for manual excision of the fat. This enables 
use of the more clinically relevant small fat droplet 
transplantation technique. This newly improved 
mouse model will allow researchers and clinicians to 
test new compounds for minimizing fat resorption.
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