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Abstract 

Adipose tissue (AT) substitutes are being developed to answer the strong demand in 

reconstructive surgery. To facilitate the validation of their functional performance in vivo, and to 

avoid resorting to excessive number of animals, it is crucial at this stage to develop biomedical 

imaging methodologies enabling the follow-up of reconstructed AT substitutes. Until now, 

biomedical imaging of AT substitutes has scarcely been reported in the literature. Therefore the 

optimal parameters enabling good resolution, appropriate contrast and graft delineation, as well 

as blood perfusion validation, must be studied and reported. In this study, human adipose 

substitutes produced from adipose-derived stem/stromal cells using the self-assembly approach of 

tissue engineering were implanted into athymic mice. The fate of the reconstructed AT 

substitutes implanted in vivo was successfully followed by magnetic resonance imaging (MRI), 

which is the imaging modality of choice for visualizing soft ATs. T1-weighted images allowed 

clear delineation of the grafts, followed by volume integration. The MR signal of reconstructed 

AT was studied in vitro by proton nuclear magnetic resonance (1H-NMR). This confirmed the 

presence of a strong triglyceride peak of short longitudinal proton relaxation time (T1) values 

(200 ± 53 ms) in reconstructed AT substitutes (total T1 = 813 ± 76 ms) which establishes a clear 

signal difference between adjacent muscle, connective tissue and native fat (total T1 ~ 300 ms). 

Graft volume retention was followed up to 6 weeks after implantation revealing a gradual 

resorption rate averaging at 44% of initial substitute’s volume. In addition, vascular perfusion 

measured by dynamic contrast-enhanced (DCE)-MRI confirmed the graft’s vascularization post-

implantation (14 and 21 days after grafting). Histological analysis of the grafted tissues revealed 

the persistence of numerous adipocytes without evidence of cysts or tissue necrosis. This study 

describes the in vivo grafting of human adipose substitutes devoid of exogenous matrix 
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components, and for the first time, the optimal parameters necessary to achieve efficient MRI 

visualization of grafted tissue-engineered adipose substitutes.  

 

Introduction 

Adipose tissue (AT) regeneration is a field of active investigation, encompassing autologous fat 

grafting, cellular therapies as well as tissue engineering endeavors. Trauma, tumor resection, 

congenital or acquired anomalies are the main causes justifying the need for adipose substitutes 

in reconstructive surgery. In 2013 and in the USA only, more than 5.7 million patients have 

benefited from surgical reconstruction, and 4.4 of them as the result of tumor resection.1 

 

Tissue engineering is emerging as a promising alternative to autologous fat transfer for 

addressing the low predictability of fat transplantation, in particular for breast and facial 

reconstructive surgical procedures (reviewed in 2, 3). AT, as a source of adult multipotent stem 

cells, is now central to many innovations in regenerative medicine.4-7 Methodologies have been 

developed to produce tissue-engineered adipose substitutes from different cell sources, including 

adipose-derived stem/stromal cells (ASCs) (reviewed in 8, 9).  

 

It is crucial at this stage to develop in vivo imaging methodologies enabling the follow-up of 

reconstructed AT substitutes after implantation.10, 11 Such procedures are necessary to facilitate 

the validation of their functional performance in vivo, and to avoid resorting to excessive number 

of animals for each newly developed AT substitute. Until now, biomedical imaging of in vitro 

engineered AT substitutes has scarcely been reported in the literature. Therefore, the optimal 

parameters enabling good resolution, appropriate contrast and graft delineation, are not clearly 

established. Invariably, the optimization of tissue visualization in biomedical imaging 
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necessitates a comprehensive investigation over its physico-chemical characteristics. In magnetic 

resonance imaging (MRI) for instance, the signal directly depends on the longitudinal and 

transverse proton relaxation times (namely T1 and T2), which are intrinsic to each biological 

tissue. Differences in signal give rise to contrast effects allowing the delineation of adjacent 

tissues. In a complementary manner, whether autologous (native) or engineered AT substitutes 

are implanted, one of the main factors influencing the outcome of graft survival is adequate tissue 

vascularization.12-15 Therefore, optimal biomedical imaging methodologies to study the 

implantation of reconstructed AT must also address the validation of blood perfusion. Overall, 

such a comprehensive pre-clinical approach will pave the way to the development of future 

clinical imaging procedures necessary to follow up graft volume retention and functional 

integration into the surrounding tissues. 

  

Micro-computed tomography (microCT), probably the most widely used imaging modality in 

tissue engineering, has been used for the evaluation of rodent adiposity 16, 17 as well as for the 

survival assessment of human fat injected into the scalp of athymic mice.18 However, microCT 

does not produce strong differences in contrast between tissues of relatively similar density (e.g. 

between fat and muscle). In order to reach optimal resolutions, it is often necessary to use long 

exposure times and therefore high doses of ionizing radiation. This restricts the total number of 

scans that can be performed during follow-up procedures, before impacting on the animal’s 

health. Although widely available both in small-animal research facilities and in clinical centers, 

CT does not appear as the modality of choice to monitor and study reconstructed AT substitutes. 

 

MRI is emerging as a comprehensive tool for fat quantification.19, 20 MRI is already used in the 

clinics to evaluate the success of autologous fat grafting.21-23 It has also been reportedly used for 
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AT quantification using various animal models of obesity, and in particular with tissues 

containing very strong concentrations of lipids.24-26 Until now, MRI has been reported twice in 

the context of in vivo adipose engineering preclinical studies but has not been used for the follow-

up of AT substitutes reconstructed in vitro and featuring lipid-filled adipocytes before 

implantation. The first study utilized preadipocytes injected into a fibrin matrix that were imaged 

under 9.4 Tesla MRI to monitor the development of adipose tissue.27 Another investigation using 

the rabbit dorsal laminectomy model to follow epidural fat repair mediated by adipogenic-

induced rabbit ASCs seeded into porous scaffold over 24 weeks.28 None of these studies provided 

a comprehensive MR characterization. The relaxometric properties intrinsic to reconstructed AT 

substitutes, namely T1, T2, and proton NMR spectra are pivotal to acquire optimal MRI images of 

in vitro differentiated and engineered AT grafts. 

 

Compared to CT, MRI can provide high-resolution images without the use of ionizing radiation. 

It also provides rich contrast effects in lipid-containing tissue, as well as between fat tissue and 

muscle. Indeed, a large fraction of hydrogen-containing molecules in fat tissues have molecular 

motions close to the Larmor frequency of hydrogen at clinical magnetic field strengths. This 

results in short longitudinal relaxation T1 rates and such tissues usually appear brighter in T1-

weighted (T1-w.) MR images than muscle, connective tissues and blood. In MRI, the signal is 

produced by the magnetization of hydrogen protons submitted to a strong magnetic field, 

followed by excitation using a radiofrequency (RF) pulse precisely tuned to match their Larmor 

frequency at this specific magnetic field. The MR signal intensity is different from tissue to 

tissue, being mainly influenced by hydrogen density, as well as T1 and T2. In particular, T1 of fat 

is one of the shortest in vivo, and indicates a very rapid recovery of the magnetization between 

the successive RF pulses. Available on all clinical and pre-clinical MRI systems, and being 
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widely used, T1-w. MR sequences allow to establish clear differences between short-T1 fatty 

tissues, and organs and tissues with longer T1 values. In general, bright native fat can be easily 

identified and delineated by simple signal thresholding from darker structures. For reconstructed 

AT however, neither the characteristics T1 and T2 nor the specific lipid content are known values. 

The visualization of reconstructed AT substitutes having lipid contents possibly lower than for 

native fat tissues, must be performed in parallel with a specific proton T1 and T2 study. Only with 

such values is it possible to reach optimal T1-w. MRI visualization.  

 

Furthermore, insights into the relaxometric properties of reconstructed AT substitutes could 

validate the possibility of using the triglyceride peak in proton spectra, as an indicator of 

reconstructed AT retention once implanted in vivo. Indeed, magnetic resonance spectroscopy 

(MRS), which is the translation of NMR to in vivo imaging, yields a precise spectrum of 

chemical composition within one interrogated voxel. The MRS method relies on chemical shift, 

or differences in the resonant frequencies of fat and water spins. In fact, 1H-MRS has recently 

developed into a non-invasive gold standard for determination of hepatic lipids; it is also used for 

the quantification of intramyocellular lipids as well as for determining the composition of fatty 

acids in visceral AT depots (e.g. brown and white fat)(reviewed in 29). Studying the proton 

relaxation properties of reconstructed AT substitutes at this time of their development would 

therefore provide crucial information on their physico-chemical properties, which are necessary 

to establish optimal MRI and MRS follow-up procedures. 

 

In this study, adipocyte-containing substitutes were implanted subcutaneously in athymic mice. 

The adipose engineering strategy is based on the self-assembly method of tissue engineering 

which results in the production of functional and entirely natural reconstructed AT substitutes.30, 
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31 Briefly, this model utilizes the properties of ASCs to produce an abundant extracellular matrix 

after exposure to ascorbic acid during long-term culture. The resulting connective cell sheets can 

then be superposed to produce thicker connective tissues.32, 33 If an adipogenic induction step is 

performed in parallel to matrix stimulation, then the resulting tissue sheets feature functional 

adipocytes filled with lipids.32, 34 These reconstructed tissues do not contain synthetic or 

exogenous biomaterials and their production can be customized for shape and thickness. They 

can perform β-adrenergic mediated lipolysis and secrete various important adipokines.32 The 

implanted reconstructed AT substitutes were visualized and followed-up in T1-w. MRI to enable 

volume integration.  In parallel, the proton relaxation properties of reconstructed AT substitutes 

were studied providing useful insights to optimize MRI visualization and to reveal the potential 

of NMR/MRS in the field of reconstructed AT assessment. T1-w.-based volume determination 

was performed over a period of 6 weeks, during which dynamic contrast-enhanced (DCE)-MRI 

was used to demonstrate the vascularization of the grafted adipose substitutes after implantation. 

Finally, histological studies established the persistence of numerous adipocytes surrounded by an 

abundant extracellular matrix in the grafts even though volume resorption/remodeling occurred 

over time. 

 

Materials and Methods 

Production of human reconstructed AT substitutes 

 

ASCs were extracted from lipoaspirated subcutaneous AT of two female donors, after written 

informed consent (38 year-old, body mass index (BMI) of 29.5; 35 year-old, BMI 21.0). 

Protocols were approved by the institutional ethical review board of the CHU de Québec 

Research Center. The extracted cells were seeded at a density of 6.7-8.0 x 104 cells/cm2 for 
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in vitro expansion and batch cryopreservation after primary culture (passage 0).32 For the 

production of adipose substitutes, thawed ASCs were expanded and seeded at passage 3 at a 

density of 1.70-1.94 x 104 cells/cm2 in 6-well plates for series 1 and 2 (Nunc, Thermo Scientific, 

Ottawa, ON, Canada) as well as 100 mm Petri dishes (BD Falcon, BD Biosciences, Mississauga, 

ON, Canada) or Omnitray plates (Nunc) for serie 3. All culture dishes contained a filter-paper 

anchorage device (Whatman, GE Healthcare, Ottawa, ON, Canada) to facilitate manipulation of 

the construct.35 The standard DMEM-Ham’s-based culture medium was supplemented with a 

freshly prepared 50 µg/ml (250 µM) ascorbic acid solution (Sigma-Aldrich, Oakville, ON, 

Canada) and changed every two-three days, throughout the entire culture period. In order to 

produce adipocyte-containing cellular sheets, the stromal cultures were induced 7 days after 

seeding by supplementing the media with a standard adipogenic cocktail.35 After 3-4 days, 

induction medium was substituted by adipocyte medium consisting of standard medium 

supplemented with 100 nM insulin, 0.2 nM T3 and 1 µM dexamethasone only (Sigma). 

Adipocyte medium was used during the whole culture period following adipogenic induction. For 

comparative purposes, reconstructed connective tissue sheets devoid of adipocytes were also 

produced by using the standard medium throughout the culture period.32 Tissue reconstruction 

proceeded as a multistep protocol based on adaptations of previously published methods from our 

group.32, 33, 35 The adipose substitutes were produced according to two main models based on 

initial cell seeding into 6-well plates for series 1 and 2 (9.6 cm2), while serie 3 consisted of a 

model produced from initially larger culture vessels (57-87 cm2). For each model, cell sheets 

were gradually formed into the culture plates and lifted with forceps after 31-43 days. They were 

superposed in groups of three-five cell sheets. After up to seven days of additional time in culture 

with ascorbic acid supplementation, superposition or folding of these stacked sheets was repeated 

sequentially, alternating with an additional six to ten days of culture to ensure sheets cohesion, 



 12 

until thicker adipose or connective tissues were produced (∼1 mm-thick for 16-20 superposed cell 

sheets). Tissues of 1.41 ± 0.36 cm2 surface area were used for grafting experiments. 

 

Animal model 

 

Athymic Nu/Nu mice (males, 7-8 weeks old, Charles River, Saint-Constant, QC, Canada) were 

cared for according to protocols approved by the Institution Animal Protection Ethics committee. 

Tissues were grafted subcutaneously to the flanks of the mice (isoflurane-anaesthetized), onto the 

muscular bed devoid of panniculus carnosus and secured with monofilament Nylon sutures 

(Ethicon, Johnson & Johnson Medical, Markham, ON, Canada). Two independent experiments 

were performed for a total of 17 grafted reconstructed AT substitutes (serie 1, n = 5; serie 2, n = 

6; serie 3, n = 6). As controls and for imaging optimization, one animal was implanted with 

reconstructed connective tissue on one flank, and reconstructed AT on the other; one animal with 

reconstructed AT on one flank and human native AT (37 year-old female donor, BMI of 24.3) on 

the other; finally, a third animal with human native AT on one flank and murine native AT on the 

other (Fig. S1). Murine inguinal fat pads were harvested from 6-month aged C3H mice (Charles 

River). Native AT was harvested a few hours before grafting and samples were used for 1H-

NMR. Volume correlations (Fig. S3) were calculated on a total of 12 grafts from two distinct 

experiments, by comparing the MRI-calculated graft volume to the graft weight (reference AT 

density = 0.92 g/cm3).36 

 

1H-NMR studies of reconstructed adipose, connective and native adipose tissues 
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1H-NMR was performed on AT samples (resected human and murine fat as well as reconstructed 

AT substitutes). Tissues (∼40 mg/sample) were carefully rinsed in PBS, which was then absorbed 

on a dust-free paper (Kimwipes, Kimberly-Clark, Mississauga, ON, Canada). The samples were 

inserted in 3-mm NMR tubes (Norell Inc, Landisville, NJ, USA) and measured in a EFT-60 FT 

NMR (Anasazi Instruments, Indianapolis, IN, USA) at a proton frequency of 60 MHz. First, 

spectra were acquired on static samples with a spectral width of 1500 Hz (25 ppm) with 

1024 complex points and 4 scans. To allow the measurement of T1 on each major peak of the 

spectra, an inversion-recovery (IR) sequence was used with pulse length of 6 µs for 90o pulses 

(12 µs for the 180o pulses), with 11 different recovery delays (25, 50, 100, 200, 300, 400, 500, 

750, 1000, 2000, 4000 ms). A delay of 10 seconds was used between the scans to avoid any T1 

relaxation effect. To allow the measurement of T2, a Carr-Purcell-Meiboom-Gill (CPMG) 

sequence was used, with the following parameters: pulse length 6 µs (12 µs for the 180o pulses); 

the tau value used in the CPMG experiment was 500 µs; the recycling delay was 10 s, and 

samples were taken at 2, 4, 8, 16, 32, 64, 128 ms (7 points). Chemical shifts were referenced 

relative to the peak of water at 4.7 ppm. 

 

T1-weighted spin-echo and short tau inversion-recovery MR imaging 

 

Immediately after surgery, anaesthetized animals placed on a MRI bed were inserted in a 

dedicated 3.5-cm RF coil (1 Tesla scanner, ASPECT Imaging, Netanya, Israel). Coronal 

positioning scans were performed first to center both grafts in the field of view (FOV). Then, 

axial scans were performed in T1-w. spin echo 2D, over the entire graft area: FOV: 40 mm; 24 

slices; 0.9 mm; 0.1 mm slice gap; dwell time 25 ms; 400 x 320; fα 90o; echo time (TE)/repetition 
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time (TR): 18/850 ms; 4 exc. (averaged); 19min20s. In order to enhance signal differences 

between native fat and reconstructed AT substitutes, the TR value was matched with the total T1 

of reconstructed AT substitutes (T1 ~ 813 ms) measured by 1H-NMR (see Table 1). Finally, STIR 

axial scans were performed using the following parameters: FOV: 40 mm; 4 slices; 0.9 mm; 0.1 

mm slice gap; dwell time 25 ms; 400 x 320; fα 90o; inversion time TI/TE/TR: 115/9.1/3000; 1 

exc.; 16 min. To measure the volume of implants, T1-w. spin-echo axial images were used, and 

image analysis was performed with Image J (version 1.48r; Wayne Rasband, National Institutes 

of Health, Bethesda, USA) by two-four independent evaluators. A 3-D median filter was applied 

on axial images of each graft, before drawing areas of interest around each implant. Graft 

volumes were calculated by integrating graft sections, followed by multiplication by slice 

thickness taking into account the interslice gap (0.1 mm).  

 

DCE-MRI of blood perfusion in reconstructed AT substitutes 

 

Vascularization of AT grafts (tissues of serie 1) was measured after 14 and 21 days using DCE-

MRI procedures. Mice were cannulated in the caudal tail vein (30G, winged needle) and 

connected to a catheter (280 µm ID Intramedic™ Polyethylene Tubing PE-10, 60 cm, total 

volume: 60 µl) bearing the contrast-media syringe. Then, 100 µl intravascular injections of 

gadolinium-1,4,7,10-tetraazacyclododecane-N,N’,N”,N’”-tetraacetic-monoamide-24-cascade-

polymer (Gadomer 17, invivoContrast GmbH, Berlin, Germany; 100 µmol/kg, 

1.82 mg Gd/injection) were used.37 Gadomer 17 is a water-soluble dendrimer bearing 24 Gd-

DOTA units, and following its injection, signal enhancement in perfused tissues can be used to 

quantify local blood volume.38, 39 Pre-injection axial scans were performed (T1-w. sequence, 
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FOV: 40 mm; 24 slices; 0.9 mm; 0.1 mm slice gap; dwell time 25 ms; 400 x 320; fα 90o; TE/TR: 

18/850 ms; 1 exc., 4:32 min, 2 min inter scan delay). After injection, the same sequence was 

repeated over a period of 90 minutes. At each time point, areas of interest were drawn over each 

graft and the S1/S0 signal ratio was calculated. The relative blood fraction (f) in vascular grafts 

was calculated from the experimental S1/S0 values measured by DCE-MRI. Vascular volume 

quantification methodology is available in Supplementary Materials and Methods. 

 

Macroscopic and histological analyses 

 

Macroscopic images of the grafts were taken with an EOS Rebel XSi camera (Canon, 

Mississauga, ON, Canada) at the time of grafting as well as before excision from the muscular 

bed after three (serie 1 n = 5; serie 2 n = 2) and six weeks (serie 2 n = 4; serie 3 n = 5). Surface 

area measurements were performed using ImageJ. Excised grafts were divided into samples used 

for different analyses. Some were fixed in 3.7 % buffered formalin for 24h and embedded in 

paraffin. Seven micrometers thick sections were stained with Masson’s trichrome to reveal 

extracellular matrix (blue) and cells (pink). Samples from the AT substitutes at the day of 

implantation were also processed and stained with Masson’s trichrome (serie 3, n = 2). Bright-

field images were acquired using an Axio Imager.M2 microscope (Zeiss, Toronto, ON, Canada) 

equipped with an AxioCam ICc1 camera (Zeiss) and the AxioVision software v4.8.2.0 (Zeiss). 

Multiple 5x-magnified images were acquired (6 to 20) and merged to enable the reconstruction of 

the entire tissue sections (Adobe Photoshop CS5 Software, Version 12.0, Adobe Systems 

Incorporated, San Jose, CA, USA). Adipocyte numbers were determined by manual counts of 4 

zones from 5x merged images for a total of 0.57 mm2 per graft (tissues of serie 3, n = 2-4). 
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Statistical analysis 

 

Data is presented as mean ± standard deviation. Statistical analysis was performed by one-way 

analysis of variance (ANOVA) followed by Tukey’s post-hoc test (p < 0.05, *p < 0.05, ***p < 

0.001). Spearman’s rank correlation coefficient and r2 coefficient of determination were 

calculated for volume correlation analysis between MRI-based and weight-based graft volume 

determination (Fig. S3). Statistical analysis was performed using GraphPad Prism software 

Version 5.0 (GraphPad Software, La Jolla, CA, USA). 

 

Results 

1H-NMR studies of reconstructed adipose, connective and native adipose tissues 

 

Freshly resected tissues and reconstructed adipose and connective tissue samples analyzed by 60 

MHz NMR (1.41 Tesla) produced broad 1H proton peaks (Fig. 1), similar to that obtained in 

NMR (in vitro) and MRS (in vivo) for lipid-containing tissues.40-43 In fact, all NMR spectra of 

reconstructed AT indicated a significant peak in the range 0.5 – 2.2 ppm, as well as a strong 

water peak (at 4.7 ppm) corresponding mainly to intracellular water (Fig. 1A). The first peak 

indicated the strong presence of triglycerides (1.3 ppm for –(CH)2-; 1.6 ppm for –CO-CH2-CH2-; 

2.02 pm for -CH2-CH=CH-CH2-; 2.24 ppm for –CO-CH2-CH2-).41, 44 The shoulder on the main 

water peak around 5.2-5.3, could be an indication of –CH=CH- and –CH-O-CO- protons in lipid 

molecules.  

 

Murine fat sample spectra (Fig. 1D) shared strong similarities with that of reconstructed AT (Fig. 

1A) in particular regarding the fatty acids peak range (0.5 – 2.2 ppm). The triglyceride peaks in 
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human and murine fat samples were stronger than for reconstructed AT. Also, the 

triglyceride/water intensity ratios were 0.37, 3.7 and 0.62, for reconstructed AT, human fat and 

murine fat samples, respectively. A lower presence of water was found in human fat (Fig. 1C), 

whereas an equivalent fraction was found in reconstructed AT substitutes and murine fat samples. 

As expected, the characteristic triglyceride peak was not evidenced in the reconstructed 

connective tissue spectra (Fig. 1B). However, a strong proton population at 3-4.2 ppm could be 

attributed to the high content of extracellular matrix (proteoglycans, hyaluronic acid, collagen 

fibers, fibronectin and laminins), through the presence of amino acids and low molecular weight 

metabolites (3.78 ppm for a-protons/OOC-CH(R)-NH-; 3.21 ppm for choline/ -N+(CH3)3, and 

3.45 for taurine/H3N+-CH2-CH2-SO3
=).45 Such strong spectral differences suggest the possibility 

to use the triglyceride peak evidenced using MRS, as an indicator of adipose content retention in 

future reconstructed AT follow-up procedures. 

 

The T1 and T2 relaxation times of each biological tissue were measured in vitro in order to 

understand the contrast effects obtained in vivo, between native and reconstructed AT. The T1 and 

T2 corresponding to the total proton signal are shown in Table 1, along with the T1 and T2 specific 

to each major proton contribution (peak at 4.7 ppm, and peak at 1.3 ppm). First, a strong 

difference is observed between the T1 of reconstructed AT substitutes (total T1 = 813 ± 76 ms), 

and the T1 of native fat (total T1 ~ 200 – 300 ms). This difference indicated the possibility to 

establish clear tissue contrast and delineation effects between reconstructed AT and the native fat, 

in each animal. With this result, the repetition time (TR) in T1-w. MRI scans was set to 850 ms, 

matching the T1 of reconstructed AT, and establishing clear differences in contrast between the 

tissues. In addition, the longitudinal relaxivity of reconstructed connective tissues was found to 

be the longest. The shortening in total T1 observed for both native fat and reconstructed AT 
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substitutes, was attributed to the presence of the triglyceride peak at 1.3 ppm, whose specific T1 

was close to 200 ms in each fat-containing tissue. Therefore, no apparent difference in the T1 

relaxivity of the 1.3 ppm peak was observed in both tissues. With this, it is possible to conclude 

that the global T1 measured for both native and reconstructed AT, are mainly guided by their 

relative fraction of triglyceride-related species (1.3 ppm) versus water (4.7 ppm).  

 

On the other hand, the T2 of both reconstructed adipose and connective tissues were shorter than 

for native fat, and this indicates that 1H protons are less mobile in these two tissues. For the 1.3 

ppm peak (triglycerides) in particular, the T2 of reconstructed AT substitutes were shorter than 

their native counterparts, indicating a difference in the nature of the lipids contributing to the 

MRI signal. Finally, for reconstructed AT substitutes, a much higher T1/T2 ratio (9.3) was found 

for the water peak (4.7 ppm), compared to the peak associated to the triglycerides (1.3 ppm, ratio: 

1.85). Short T1 and long T2 are associated to signal enhancement in T1-w. MRI, and therefore the 

contribution of the triglyceride peak to enhance the signal intensity in reconstructed AT, is clearly 

significant. 

 

T1-weighted spin-echo MR imaging of tissue grafts  

 

As mentioned in the previous section, T1-w. MRI was performed by setting a TR value in the 

same range as the T1 of reconstructed adipose grafts (850 ms). Such scanning condition enabled 

optimal contrast difference between the native fat and the reconstructed AT substitutes. Grafted 

AT substitutes were clearly visible on the axial images (Fig. S1A, left). In agreement with the 

NMR data, native fat implants appeared much brighter in MRI than their reconstructed tissue 

counterparts (Fig. S1B). This is due essentially to the stronger triglyceride contents in the native 
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tissues. The contours of both reconstructed AT and native fat implants were clearly delineated on 

each MR slice, with grafts being sufficiently different than the adjacent muscle. A very good 

correlation (Spearman r = 0.9107) was found between implant weight and the volumes calculated 

using MR-images acquired just after implantation (Fig. S3). 

 

In addition, a T1-w. STIR sequence with signal nulling (TI = 115 ms) was used to evidence the 

homogeneity of signal nulling in fat grafts. Prior to scanning, the T1 value measured for the 

triglyceride peak of AT grafts (Table 1) was used to identify the TI necessary for fat nulling in 

the STIR sequence (< 200 ms). As expected, because in vitro NMR T1 measurements were 

performed at 1.41 Tesla, the efficient fat nulling TI appeared shorted at 1 Tesla MRI. The signal 

from human fat appears bright in T1-w. MRI images (Fig. S2A, left). This signal was largely 

eliminated using the fat signal nulling STIR sequence (Fig. S2B, upper left). The signal from 

native subcutaneous fat was also eliminated (Fig. S2B, arrowheads). This confirms the potential 

usefulness of STIR sequences in future pre-clinical and clinical studies, in particular in cases 

were the delineation of adipose grafts from the native fat is difficult to achieve with T1-w. images 

only. 

 

Determination of volume resorption kinetics of tissue-engineered adipose grafts 

 

Human tissue-engineered AT substitutes produced in vitro were easy to handle and suture (Fig. 

2A, B). They featured abundant adipocytes and extracellular matrix components at the time of 

grafting (Fig. 2C) and were visible through skin after implantation (Fig. 2D). T1-w. MR images 

were acquired from the day of grafting up to six weeks after implantation (Fig. 3A-D). The 

volume of each graft (dotted lines) was determined and compared to its initial volume in order to 
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calculate the percentage of retention over time (Fig. 3E). The mean initial volume of the three 

series was 160.2 ± 34.4 mm3. After three weeks, a mean volume retention of 34.8 % was 

obtained for the tissues of serie 1 although tissues from series 2 and 3 featured a volume 

maintenance of 71.9% to 87.0%, respectively. From 3 to 6 weeks after grafting, a slow resorption 

occurred leading to a final mean volume retention of 35.0 % (serie 2) and 53.6 % (serie 3). Upon 

harvest, macroscopic images revealed a healthy aspect featuring blood vessels surrounding the 

grafted tissues after three (Fig. 4A, B) and six weeks (Fig. 4E, F). Interestingly, histological 

analysis revealed the persistence of numerous adipocytes (rounded void spaces) among an 

abundant extracellular matrix (blue) after both three (Fig. 4C-D) and six weeks (Fig. 4G-H). A 

rather stable number of adipocytes were quantified from the day of grafting (1000 ± 188 per 

mm2) compared to 6 weeks post-grafting (951 ± 105 per mm2). Capillary-like structures 

indicative of vascularization were also observed at both time points (Fig. 4C’, C’’, G’’, 

arrowheads and boxed areas). Finally, while some areas contained more matrix and less 

adipocytes, no evidence of cyst formation or tissue necrosis were noticeable on the tissue sections 

analyzed. 

 

Vascular volume quantification in reconstructed adipose tissues by DCE-MRI 

 

The presence of vascularization in AT grafts was assessed by DCE-MRI at day 14 and 21 

following graft implantation. During the procedure, a blood-pool paramagnetic contrast agent 

was injected i.v., and the resulting MR signal enhancement in T1-w. images, quantified. 

Representative MR slices used to monitor the signal enhancement in reconstructed AT grafts 

(serie 1), and which served in blood volume fraction calculations using Equation 6 
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(Supplementary Materials and Methods), are shown in Fig. 5A, B. The signal enhancement 

measured for each graft (2 animals, 2 grafts each, n = 4 grafts), was averaged at each acquisition 

time, and plotted in Fig. 5C (day 14) and 5D (day 21). For all grafts, a strong signal enhancement 

was evident from the first scan following injection, with a plateau occurring at 15 – 35 min (Fig. 

5C, D). An average maximal signal enhancement factor of 1.36 ± 0.05 and 1.31 ± 0.07 was 

measured at 14 and 21 days in reconstructed AT substitutes after injection of the blood-pool 

contrast agent (Table 2). The corresponding blood volume fractions (f) were 7.8 ± 1.8 % (at day 

14) and 6.2 ± 2.1 % (at day 21)(Table 2). 

 

Discussion 

 

The increasing need of autologous adipose substitutes in reconstructive and cosmetic surgery has 

prompted the development of various strategies for AT engineering.8, 46 The tissue engineering 

approach we used in this study is based on cell sheet engineering that can be customized to 

produce adipose substitutes of different sizes and shapes that are easily manipulated and 

sutured.35 In this model, cultured ASCs produce their own extracellular matrix elements leading 

to cell sheets that are combined to form thicker human substitutes devoid of exogenous or 

synthetic biomaterials. Substitutes featuring large surface areas and ∼1 mm in thickness were 

produced (160 mm3) and grafted to the flanks of athymic mice. 

 

Because it provides in-depth anatomical images without the use of ionizing radiation, and 

because lipid-containing tissues usually appear bright in T1-w. MRI, this modality is by far the 

most advantageous imaging technique to study the implantation of AT grafts in vivo. The present 
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study is the first to demonstrate the possibilities offered by MRI as a non-invasive imaging tool to 

follow up in vitro-engineered human AT substitutes implanted into small animals. In order to 

reproduce the exact contrast-enhancement effects that would be seen in clinical equipment, we 

used a 1 Tesla MRI system. These studies were coupled to in vitro 1H-NMR measurements of 

freshly extracted samples, performed at a similar magnetic field strength, at 60 MHz (1.41 Tesla): 

the strong triglyceride peak present in reconstructed AT substitutes could be advantageously used 

in the future to validate the retention of AT properties using MRS follow-up procedures. 

 

In the present study, the reconstructed AT substitutes appeared clearly delineated in T1-w. MRI 

images. In addition, a very good correlation was found between implant weight and the volumes 

calculated using MR-images acquired just after implantation (Spearman r = 0.9107). This 

demonstrates the precision of MRI to repeatedly measure the volume of subcutaneously-

implanted adipose grafts over weeks, by opposition to methodologies relying on terminal 

biopsies. In parallel with volume retention studies, tissue integrity must also be evaluated through 

histology. Volume determination over 6 weeks using T1-w. images revealed overall very good 

tissue maintenance during the first two weeks after grafting. Then, tissue resorption slowly 

occurred. Among the grafted tissues, we could not associate the observed variability to any 

specific parameter (graft experiment, type of reconstruction, cell population used, etc.). Three 

weeks after implantation, some grafted tissues maintained 79.5% of their initial volume (series 2 

and 3) while a mean volume retention of 34.8% was measured for others (serie 1). Despite their 

smaller volume, when grafts samples from these tissues (serie 1) were harvested and analyzed, 

abundant adipocytes could be observed in absence of oil cysts or tissue fibrosis.  
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To further enhance the delineation between endogenous native fat and reconstructed AT 

substitutes, fat signal nulling was used as a proof of concept. In fact, fat nulling sequences such 

as STIR are widely used in a variety of clinical MR imaging protocols to attenuate the 

contributions and artifacts specific to highly lipidic tissues and interfaces.47 Because a large 

fraction of the signal was intrinsically attenuated by the STIR sequence, fat-nulled images 

acquired at 1 Tesla in small mice had relatively poor signal-to-noise ratios which could be 

improved by longer scanning times (Fig. S2B). These images however demonstrate that STIR 

sequences could be used as a complement to T1-w. MR imaging to distinguish between 

endogenous native fat and implanted AT grafts. For larger animals or patients, a larger pool of 

hydrogen would contribute to the overall signal, therefore leading to better signal-to-noise ratios 

than on such small 20-gram mice. 

 

As previously mentioned, coupling MRI to MRS would provide a very powerful tool to study, 

follow up and assess the retention and integrity of the reconstructed AT after in vivo 

implantation. In non-invasive MRS procedures, the spectral signature and intensity of the 

triglyceride peak could be exploited as an indicator of tissue integrity. Indeed, MRS allows the 

spatial mapping of spectroscopic differentiation between brown and white fat, between fat and 

connective tissue and the characterization of liver fat.19, 29, 41, 44 The present in vitro NMR 

measurements suggest that MRS acquisitions could become crucial assessments to validate the 

success of reconstructive surgery based on the implantation of engineered tissues. In MRS, each 

voxel contains the 1H spectroscopic signature of the tissue. In small voxels (< 1 mm3), acquiring 

a sufficient amount of signal to distinguish between the peaks is sometimes challenging. In future 

clinical applications however, large volumes will be implanted. The possibility to rely on slightly 

larger voxels will translate into much better signal-to-noise ratios in MRS acquisitions. The 
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potential of MRS relies not that much in the possibility to delineate the contours of grafts, but 

rather on the possibility to acquire a mapping of the relative contents of triglycerides (i.e. peak at 

1.3 ppm). This application does not require as optimal resolutions as for the T1-weighted 

delineation scans.  

 

Vascularization of the implanted AT substitutes is a key factor in their survival and long-term 

volume retention. In the present study, blood vessels were identified among matrix and 

adipocytes, indicating a degree of vascularization which was further confirmed by DCE-MRI at 

day 14 and 21. DCE-MRI procedures provide quantitative values of the perfused microvascular 

volume in tissues 48-50 and this is the first time DCE-MRI is used to validate the perfusion of 

reconstructed AT substitutes implanted in vivo. The use of a blood-pool MRI contrast agent such 

as Gadomer 17, allows to perform perfusion studies with a contrast agent that is not susceptible to 

fast extravasation. The corresponding blood volume fractions measured in AT substitutes point to 

relatively smaller values than the blood volume fractions measured in xenograft tumors in 

previously reported DCE-MRI studies.51, 52 However, one should indeed compare DCE-MRI 

experiments with other measurements of blood perfusion/volume performed in AT but such data 

are scarce. Laser Doppler flowmeter, 133Xe clearance, 103Ru-labeled microspheres and 46Sc-

labeled microspheres have been used to measure blood flow to brown AT.53, 54 A more recent 

study reported the use of molecules fluorescing in the near-infrared region to assess blood 

perfusion in murine brown AT, demonstrating the possibility to perform non-invasive 

measurements of changes in blood flow and perfusion occurring in a given AT area.55 To enable 

the measurement of total blood fraction, it is preferable to use an imaging probe that remains in 

the blood for prolonged times (“blood pool” contrast agent). The present study demonstrates the 
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measurement of the total blood volume in AT after the injection of a MRI contrast agent, 

followed by DCE analysis. All reconstructed adipose grafts were well vascularized by 14 days, 

and therefore, it is possible to conclude that DCE-MRI can be used to validate the blood 

perfusion of reconstructed adipose grafts after implantation in vivo. 

 

A limited number of studies have been using imaging tools (ultrasounds, CT, MRI) to 

complement traditional weight/volumetric measurements of in vitro or in vivo engineered tissues 

in preclinical studies.27, 28, 56, 57 However, volume assessment following imaging has been 

performed for native adipose grafts implanted in combination or not with cells or hydrogels.18, 58-

60 For example, an ultrasonic study of inguinal adipose grafts inserted into the paraspinal area has 

been performed in Sprague-Dawley rats with 95.9%, 66.3% and 53.4% remaining volume at 

respectively 30, 60 and 90 days after implantation.58 CT determination of human native fat 

grafted to mice skull revealed 62.2% and 60.9% volume maintenance after 8 and 12 weeks, 

respectively.18 Among the lowest resorption rates observed, human fat injections (2 ml) into the 

dorsum of nude mice resulted into 82% volume persistence after 8 weeks as determined by 

traditional volumetric analysis.61 In the field of in vitro adipose engineering, direct comparison 

among models is complicated by the variety of biomaterials and animal models used in addition 

to parameters such as the substitute’s initial volume, graft site and choice of method for the 

evaluation of volume maintenance after grafting. For example, engineered constructs made of 

ASCs seeded on collagen microcarriers, submitted to adipogenic differentiation and enriched or 

not in endothelial cells and fibrin matrix grafted to SCID mice featured a weight maintenance at 4 

weeks in the range of 10 to 37 % of the volume measured at day 12.62 Another study has 

determined a 34-43% weight maintenance at 6 weeks of injected adipocytes combined with 

chitosan nanospheres loaded with VEGF aiming to promote vascularization through growth 
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factor release.63 Importantly, in the present study, although a global decrease from 79.5% to 44.3 

% of the initial adipose graft volume occurred between 3 and 6 weeks, an excellent persistence of 

adipocytes was observed, as well as abundant extracellular matrix and the absence of oil cysts or 

areas of necrosis. In some occasions when the engineered substitutes were grafted closer to the 

inguinal fat pad, murine AT development was noted (not shown). Finally, it would be interesting 

in future studies to investigate if volume stabilization could be achieved at later time-points and if 

graft preconditioning or co-treatment with various factors could contribute to volume 

maintenance as was seen for SDF-1α injection.64 

 

Conclusion 

In vivo implantation of voluminous reconstructed AT substitutes requires the development of 

imaging procedures addressing volume retention, relaxometric characteristics, and blood 

perfusion in situ, as indicators of graft viability. The present study reports the in vivo murine 

implantation of engineered human AT grafts. A non-invasive assessment of their volume 

maintenance and perfusion after grafting was performed by MRI. The proton relaxometric 

characteristics of reconstructed AT substitutes was also measured by 1H-NMR, which provided 

crucial information necessary to optimize T1-w. imaging procedures (contrast and delineation 

between adipose tissues). It also demonstrated that the triglyceride peak could be used to follow-

up the integrity of reconstructed AT in future MRS procedures. 
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Table 1. T1 and T2 values measured for reconstructed and native tissues. 

  

 Total signal peak @ 4.7ppm peak @ 1.3ppm 

 
T1 

(ms) 
± 

T2 

(ms) 
± 

T1 

(ms) 
± 

T2 

(ms) 
± 

T1 

(ms) 
± 

T2 

(ms) 
± 

Reconstructed adipose 

tissue 
813 76 118 8 1107 118 119 10 200 53 108 9 

Reconstructed 

connective tissue 
970 107 98 5 970 107 98 5 *n.a. *n.a. *n.a. *n.a. 

Native human fat 300 n.a. 158 n.a. 1440 n.a. 146 n.a. 190 n.a. 152 n.a. 

Native murine fat 500 n.a. 213 n.a. 1400 n.a. 220 n.a. 240 n.a. 200 n.a. 

*No clear triglyceride peak was evidenced for the reconstructed connective tissue. 

 



Table 2. Signal enhancement ratios (S1/S0) of each measured graft, and corresponding blood 

volume fraction (f) calculated from Equation S6. 

 

Injection 

time 

Number of 

grafts 

Signal 

enhancement 

ratio (S1/S0) 

Corresponding blood fraction 

(f) based on Equation 6 (*) 

14 days n = 4 1.36 ±  0.05 
0.078 ±  0.018 

(7.8 ±  1.8%) 

21 days n = 4 1.31 ±  0.07 
0.062 ±  0.021 

(6.2 ±  2.1%) 

 

*Error was calculated based on the standard deviation range of T1g (the factor having by far the 

strongest incidence on the results of blood fraction calculated using Equation S6). **mouse 

weight was set to 23 g +/- 1 g, for an expected concentration of Gd in the blood of 1.4 mM. 

 



Figure Captions 

 

FIG. 1. 1H-NMR spectra (60 MHz) of (A) reconstructed adipose tissue, (B) reconstructed 

connective tissue, (C) native human fat, and (D) native murine fat. 

 

FIG. 2. Appearance of human tissue-engineered adipose tissues according to different 

reconstruction models. (A) Representative appearance upon grafting for substitutes of series 1 

and 2. (B) Representative images for substitutes of serie 3 upon grafting, (C) after histological 

processing and Masson’s trichrome staining of tissue samples at the day of implantation and (D) 

7 days after implantation. Scale in mm (A, B, D). Scale bar: (C) 100 µm.  

 

FIG. 3. T1-w. spin echo images of reconstructed adipose tissues at (A) the day of implantation, 

(B) one, (C) three, and (D) six weeks after implantation. (E) Volume maintenance of reconstructed 

adipose substitutes calculated from T1-w. spin echo images up to 6 weeks after implantation. Data are 

presented as mean ± standard deviation. N = 2 independent grafting experiments. Three series: serie 1 

(n = 5), serie 2 (n = 3-6), serie 3 (n = 5-6). Statistical analysis of week to week differences in each 

serie was performed by one-way ANOVA followed by Tukey's post-hoc test (p < 0.05). 

 

FIG. 4. Aspect of reconstructed adipose tissue grafts (A-D) three weeks and (E-H) six weeks 

after implantation. Representative images of grafted tissues after 3 weeks (A, B) upon harvesting 

(macroscopic) and (C) after histological processing and Masson’s trichrome staining. Merging of 

multiple images allowed the reconstitution of large tissue areas for analysis (m = murine muscle). 

(C’, C’’) Higher magnification images show regions of the grafted tissue featuring varying 

degrees of adipocytes (void spaces) as well as an abundant extracellular matrix (in blue). The 



presence of blood vessels (arrowheads and boxed area in C’) is indicative of graft 

vascularization. (D) represents another area from a different grafted substitute. Similarly, 6 weeks 

after grafting (E, F) macroscopic and (G-H) histological images of the grafts reveal a healthy 

appearance with the persistence of numerous adipocytes shown at higher magnification (boxed 

areas in G’, G’’). Once again, vessels are present within the grafted tissue (arrowheads and boxed 

area in G’’). (H) is a representative area from a different grafted substitute. Scale in mm (A, B, E, 

F). Scale bars: (C, G) 500 µm; (C’, C’’, D, G’, G’’, H) 100 µm; (C’, G’’ boxed areas) 10 µm.  

 

FIG. 5. Blood perfusion studies by DCE-MRI: T1-w. spin echo images (A) before injection of the 

contrast agent; (B) after injection (30 min.); S1/S0 signal enhancement profiles after injection, 

measured in reconstructed adipose grafts in vivo at (C) 14 and (D) 21 days after implantation. 
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Supplementary Materials and Methods 

Vascular volume quantification  

The vascular volume in adipose tissue grafts was measured considering that grafts were 

composed of two different tissues (reconstructed adipose tissue and blood), each one 

represented with a precise volume fraction per voxel. The relaxation rate of each tissue is 

the inverse of the relaxation time (Ri=1,2 = 1/Ti) and contributions from a paramagnetic 

agent are taken into account by the following relationship:  

[ ]1,2
1

i i
id

R r Gd
T= = +        Equation 1 

Where Ti,d  is the relaxation time of the matrix (water, or organic tissue), ri is the 

relaxivity (r1= longitudinal relaxivity and r2= transverse relaxivity) and [Gd] is the local 

paramagnetic ion concentration. Then, considering a model of two tissues, in which Rig is 

the relaxation rate of the adipose tissue graft (without blood), Rib is the relaxation rate of 

Gd-containing blood, and Riv is the total relaxation rate measured in the vascularized 

adipose tissue graft, the following equations were assumed, with f as the total blood 

volume fraction in the graft:  

( 1,2)
1

i g
ig

R
T= =          Equation 2 

Where T1g and T2g are the graft relaxation times measured in vitro with NMR 

(for [Gd] = 0); 

[ ]( 1,2)
1

i b i
ib

R r Gd
T= = +        Equation 3 



Where T1b and T2b are the mouse blood relaxation times at 1 T (with [Gd] = 0). The 

relaxivities of Gadomer 17 at 1 T and 37oC were taken as r1 = 12 mM-1s-1 and 

r2 = 14.4 mM-1s-1.1 We made the reasonable assumption that all Gd was contained in the 

blood pool in the first 30 minutes 2 following injection, resulting in 1.61 mM Gd just after 

i.v. injection (80 ml blood/kg mouse body weight).3 Therefore, the expression for the 

total relaxation rate in a vascularized graft is given as:  

  Equation 4 

Then, the equation of signal from spin-echo sequences is given by:  

! 

S0 = "(1# e#TR /T1 )(e#TE /T2 )     Equation 5 

 

Where TR is the repetition time, TE echo time, and r is the proton density. Considering 

Riv(Gd=0), and Riv(Gd) being the relaxation rates of the vascularized tissues before and after 

injection of Gd, respectively, the signal enhancement ratio following contrast media 

injections, is quantified as follows:  

! 

S1
S0

=
(1" e("TR /T1# (Gd ) ))(e"TE /T2v (Gd ) )

(1" e("TR /T1v (Gd=0) ))(e"TE /T 2v(Gd =0))
=
(1" e("TR $R1v (Gd ) ))(e"TE $R2v (Gd ) )
(1" e("TR $R1v (Gd=0) ))(e"TE $R2v (Gd=0) )

 Equation 6 

 

Therefore, the relative blood fraction (f) is extracted using equations 4 and 6, as well as 

with experimental S1/S0 values measured by DCE-MRI (ROIs drawn over each graft). 
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SUPPLEMENTARY FIG. S1. T1-w spin echo images of grafts at the day of implantation: (A) 

reconstructed adipose tissue (left arrow) and reconstructed connective tissue (right arrow); (B) 

murine fat graft (left arrow) and human fat graft (right arrow). A 4.5-mm diameter triglyceride 

bead was placed next to the left side graft for faster positioning. 

 

SUPPLEMENTARY FIG. S2. Human fat graft (left arrow) and reconstructed adipose tissue 

(right arrow) at the day of implantation, imaged with (A) T1-w imaging and (B) STIR. 

Arrowheads: endogenous fat of the subcutaneous layer. 

 

SUPPLEMENTARY FIG. S3. Volume correlation between weight measurements and MRI 

measurements of reconstructed adipose tissue grafts using Spearman’s rank correlation 

coefficient and r2 coefficient of determination. (N = 2 experiments, n = 12 grafts). 
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Supplementary Figure S3
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