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Introduction: Hypertrophy of subcutaneous adipocytes results in adipocyte dysfunction and reduced capacity to store excess nutrients. Adipocyte 
hypertrophy has been linked to whole body insulin resistance, even after adjusting for BMI [1]. The ability to measure adipose hypertrophy in vivo is relevant 
to better understand the pathophysiology involved in type 2 diabetes. Traditionally, adipose tissue hypertrophy has been assessed directly by histologic 
examination of adipose tissue explants which is invasive and inconvenient to carry out in large cohort studies. Biochemical adipose tissue composition 
measurements in rodents have reported that hypertrophy of adipose tissue results in a reduction in the relative water content, and an increase in the relative 
lipid content [2]. Reductions in the abdominal subcutaneous adipose tissue volumes during weight-loss intervention occurs primarily through reductions in 
adipocyte size rather than adipocyte number [3], and is accompanied by an increase in the relative water content [4,5]. The current work investigates the use of 
adipose tissue hydration, as measured using the 1H MRS based hydrolipidic ratio (HLR), as a noninvasive marker of adipose tissue hypertrophy. We first 
established the relationship between HLR and the adipocyte size using adipose tissue explants from high-fat diet fed rats. Next, we performed abdominal MRI 
and MRS on 268 human subjects to assess the relationship between adipose tissue HLR ratio, fat depots and metabolic parameters. 
 
Method: 10 male Wistar rats (10 weeks old) were exposed to varying periods of ad libitum high fat diet (HFD) feeding (1-10 weeks). At the end of the HFD 
feeding period, the animals were euthanized. From each animal, three adipose tissue samples were extracted from the gonadal, inguinal and mesenteric 
adipose depots, which have varying contributions of hypertrophy and hyperplasia during tissue expansion [6]. High resolution magic angle spinning (HR-
MAS) analysis of the samples (~45mg) was performed using a 9.4T magnet. HLR was defined as the ratio of the water peak area to the sum of the water and 
lipid peak areas. A portion of each tissue sample was fixed in neutral buffered formalin for 6hr and dehydrated before embedding in paraffin wax. Sections (4 
μm) were cut and mounted on positively-charged glass slides. After hematoxylin and eosin (H&E) staining, bright-field whole-slide images were captured at 
40× optical magnification with an Aperio ScanScope CS instrument. Mean adipocyte area was calculated in 3 randomly chosen regions in each histological 
image in an automated fashion using a custom MATLAB program. Cell areas were converted to volumes using a spherical approximation. In the human study, 
268 healthy male subjects (101 Chinese, 82 Malay and 85 Indian) underwent 1H MRS and MRI scans on a 3T scanner. Localized 1H MR spectra were 
obtained using a PRESS sequence (TR =2s, TE = 30ms, BW = 1500 Hz) from a 2x2x2cm3 voxels placed in the abdominal deep subcutaneous adipose tissue 
(DSAT), liver and soleus muscle. Liver and muscle spectra were analyzed using LCModel to compute the liver fat fraction and the intramyocellular lipid-to-
creatine ratio (IMCL/Cr). A MATLAB based nonlinear fitting routine was used to compute the peak areas and DSAT HLR after modeling the water and 
triglyceride peaks in the DSAT 1H MRS spectra as a sum of Gaussian peaks. Abdominal fat images were acquired using a 2-point DIXON sequences 
(TR=5.28ms, TE1=2.45ms, TE2=3.68ms, FA=9 deg, slice thickness=3mm) with breath-holds of 18–20 seconds. Volumetric segmentation of the DSAT and 
visceral adipose tissue (VAT) between the L1-L5 vertebrae was performed using a fully automated segmentation algorithm [7]. Blood sampling and insulin 
sensitivity index (ISI) measurements were performed after a 10 hr overnight fast. The fasting blood samples were analyzed for serum triglycerides (TG), low 
density lipoprotien cholesterol (LDL), and high density lipoprotien cholesterol (HDL). Insulin sensitivity was measured using the hyperinsulinemic 
euglycaemic clamp method. 
 
Results: In the animal study, there was a significant negative association of between the tissue hydrolipidic ratio (HLR) and 
adipocyte volume (Spearman ρ = -0.71, P<0.0001) in the pooled adipose tissue samples. The scatter plot of HLR vs. adipocyte 
volume after outlier elimination indicates a nonlinear relationship between the two parameters (Fig. 1). The correlation of DSAT 
HLR with metabolic parameters and DSAT HLR with BMI, adipose depot volumes and ectopic fat are shown in Table 1 & 2 
respectively (‘*’ indicates P < 0.0001). To assess, whether DSAT HLR was associated with ISI independent of the DSAT 
volume, an ANCOVA analysis was performed with ISI as the dependent variable, ethnicity as a fixed factor, and DSAT volume 
and HLR as covariates. All second-order interaction terms were also included in the model. DSAT volume (P=0.008), HLR 
(P=0.006) and ethnicity (P=0.046) were all found to be independent predictors of ISI. The interaction terms between ethnicity & 
DSAT HLR (P=0.004), and DSAT volume & DSAT HLR (P=0.019) were significant. 
 
Discussion and Conclusion: Higher adipocyte volume is associated with 
lower HLR, thus adipose tissue HLR could indicate the degree of adipocyte 
hypertrophy. The nonlinear relationship between HLR and adipocyte 
volume indicates that the marker has a high sensitivity to changes in cell 
size for small adipocytes and a lower sensitivity for large adipocytes. DSAT 
HLR in humans was found to be negatively associated with BMI, DSAT 
volume and ectopic fat in liver, soleus muscle and VAT. The DSAT HLR 
was positively associated with ISI and HDL, and negatively associated with 
TG and LDL. The DSAT HLR is positively associated with ISI even after 
adjusting for the depot volume. The significance of the interaction terms 
suggests that the relationship between DSAT volume and ISI is modulated 
by DSAT HLR, while the relationship between DSAT HLR and ISI is 
modulated by ethnicity.  
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Table. 1 Correlation of 
DSAT HLR with metabolic
parameters 

Parameter ρ 

ISI 0.352* 

TG -0.309* 

HDL 0.224* 

LDL -0.202* 

Table. 2 Correlation of 
DSAT HLR with BMI, 
adipose depot volumes  
and ectopic fat 

Parameter ρ 

BMI -0.411* 

DSAT (cc) -0.528* 

VAT (cc) -0.362* 

Liver Fat -0.240* 

IMCL/Cr -0.213* 
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