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Abstract	
  	
  	
  47 

Metabolism is a fundamental process of life. However, non-invasive imaging of tissue metabolism is 48 

limited today by a deficiency in adequate tools for in vivo measurements. We designed a novel multi-49 

modular platform that explored the relation between local tissue oxygen consumption, determined by 50 

label-free optoacoustic measurements of hemoglobin, and concurrent indirect calorimetry obtained 51 

during metabolic activation of brown adipose tissue (BAT). By studying mice and humans, we show 52 

how recent technological advances in video-rate handheld multi-spectral optoacoustic tomography 53 

(MSOT) in the 700-900 nm spectral range enable non-invasive imaging of BAT activation and 54 

metabolic state based on hemoglobin gradients. We find that indirect calorimetry may under-estimate 55 

local metabolic activation compared to MSOT measurements. We further observe BAT morphology 56 

and composition differences between healthy and diabetic mice. Human measurements, validated by 57 

Positron Emission Tomography, consolidate hemoglobin as a principal label-free biomarker for 58 

longitudinal non-invasive imaging of lipid and tissue metabolism, as well as bioenergetics in situ, with 59 

broad implications for basic and translational research. In addition to hemoglobin, we further resolve 60 

water and fat components in healthy volunteers, using 28 wavelength illumination at an extended 700-61 

970 nm spectral region and contrast results to Magnetic Resonance Imaging (MRI). We discuss the 62 

superiority of MSOT to assess tissue metabolism over available methods.  63 

 64 

65 
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Introduction 66 

White adipose tissue (WAT) stores in its cellular fat droplets a surplus of vital energy 67 

consisting of macronutrients mainly in the form of triacylglycerides. In contrast, brown adipose tissue 68 

(BAT) works as a heater organ, utilizing the chemical energy extracted from carbohydrates and fat (1, 69 

2). The presence of metabolically active cervical, supraclavicular, and paravertebral BAT in adult 70 

humans has been discovered by the detection of high glucose uptake rates using positron emission 71 

tomography (18F-FDG-PET/CT) (3, 4). In mice, BAT is located in several distinct depots in the 72 

cervical-thoracic and perirenal region and is utilized for non-shivering thermogenesis (1, 5). The 73 

largest and most investigated BAT depot in rodents is the subcutaneous interscapular BAT (iBAT). It 74 

is densely vascularized and highly innervated by the sympathetic nervous system (6, 7). Research in 75 

small mammals has shown that cold exposure leads to the release of norepinephrine (NE) from nerve 76 

varicosities. The neurotransmitter NE stimulates β3-adrenoreceptors located in the plasma membrane 77 

of brown adipocytes, resulting in the activation of the uncoupling protein 1 (UCP1) (1). UCP1 is 78 

expressed uniquely in brown adipocytes and upon activation facilitates a proton leak across the 79 

mitochondrial inner membrane, leading to the uncoupling of nutrient oxidation from ATP synthesis 80 

and thereby to heat generation (2, 8). BAT can also be activated via the subcutaneous or intravenous 81 

injection of sympathomimetics at the optimal dose, whereby the maximal increase of total resting 82 

metabolic rate is used as a direct measure of BAT heating capacity (9, 10). Sympathetic stimulation, 83 

however, not only activates BAT-induced non-shivering thermogenesis, but also increases energy 84 

expenditure at other sites, e.g. the cardiovascular system, potentially leading to an overestimation of 85 

BAT-induced thermogenesis (1).  86 

 87 

The study of BAT physiology has attracted attention in recent years, due to the assumed 88 

association of BAT with a wide variety of human diseases such as obesity (low BAT activity), 89 

diabetes (absence of active BAT), cachexia (high amount and activity of BAT) and atherosclerosis 90 

(atheroprotective role of BAT and similar perivascular fat) (11). Classic studies obtained snapshots of 91 

BAT metabolic activity by measurements of blood flow, as assessed by injecting radiolabelled 92 
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particles, and arterio-venous differentials in blood oxygenation (12-14). Non-invasive 18F-FDG-PET 93 

imaging resolves glucose uptake rates in living tissue but underestimates metabolic activity of BAT 94 

(11, 15), since thermogenesis is largely fueled by mitochondrial beta-oxidation of fatty acids. 18F-95 

FTHA and 11C-acetate may address this issue (see e.g. Ouellet et al (16)), but the use of radio-isotopes 96 

does not allow continuous or longitudinal studies and is problematic for human measurements. Studies 97 

with functional magnetic resonance imaging (fMRI) (17) or near-infrared (NIR) fluorescence imaging 98 

(18) have provided observations of blood flow associated with BAT activation but did not accurately 99 

differentiate BAT from WAT. Likewise, infrared imaging has been considered for resolving local 100 

temperature changes after BAT activation (19), but it provides two-dimensional views of volumetric 101 

temperature changes within the examined tissue volume, which has not resulted in an accurate 102 

surrogate measure of metabolism. The study of BAT and other tissue metabolism could be 103 

revolutionized by methods that offer non-invasive and point-of-care longitudinal measurements of 104 

activity, avoiding radioactivity or the use of targeted contrast agents and expensive scanners and 105 

infrastructure. Such technology could promote the disseminated investigation of metabolism in BAT 106 

and other tissue over time and in response to external natural stimuli or new anti-obesity drugs in 107 

animals and humans in a personalized manner.  108 

 109 

We investigated label-free non-invasive imaging of BAT activation and tissue metabolic 110 

activity based on real-time NIR optoacoustic sensing of hemoglobin. Label-free imaging based on 111 

non-ionizing energy avoids the use of contrast agents and opens up the possibility for frequent and 112 

longitudinal measurements in individual subjects. A primary hypothesis in the study was that BAT 113 

activation could be measured by resolving hemoglobin oxygenation gradients, representative of local 114 

oxygen utilization and blood influx.  115 

 116 

To validate hemoglobin gradients as a marker of energy expenditure we developed an 117 

experimental arrangement that concurrently collected multi spectral optoacoustic tomography (MSOT) 118 

and breathing gas data from mice and humans, using indirect calorimetry (IC). Necessary imaging 119 
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performance was achieved based on a unique imaging sequence, which collected one cross-sectional 120 

optoacoustic image per laser pulse and per wavelength at 10Hz frame rates over a 700nm-970nm 121 

spectral range. Up to 28 illumination wavelengths per MSOT frame were collected. Previously 122 

undisclosed correlation of indirect calorimetry with in situ MSOT measurements of BAT metabolic 123 

changes was performed in mice and pilot studies in humans. Human findings were further 124 

corroborated using 18F-FDG-Positron Emission Tomography (PET).  125 

 126 

In addition to BAT activation studies, we investigated morphological discrimination between 127 

BAT and WAT in healthy and diabetic mice. While hemoglobin can be unmixed in the 700-900 nm 128 

range, MSOT operation in the extended 900-970 nm range further computed tissue fat and water 129 

components in human volunteer studies and observed tissue composition differences in BAT and 130 

WAT, contrasted to Magnetic Resonance Imaging (MRI) of the same volunteers. We discuss how 131 

MSOT demonstrates capacities in metabolic imaging that are unattainable by any other imaging 132 

modality today, offering a paradigm shift in the study of metabolic processes in living tissue. Shown 133 

correlation between MSOT measurements of local metabolic activity and indirect calorimetry 134 

measuring whole body metabolic profiles may have broad implications in metabolism research and 135 

clinical applications in obesity, diabetes, atherosclerosis and related fields.  136 

 137 

Results	
  138 

Optoacoustic differentiation of BAT from WAT  139 

We interrogated whether iBAT and inguinal WAT (ingWAT) can be spectrally differentiated. 140 

We were particularly interested in NIR measurements that allow light penetration several millimeters 141 

to centimeters deep in tissue. Excised iBAT and ingWAT from mice were placed next to an India Ink 142 

reference tube in a scattering (non-absorbing) holder and measured by NIR-MSOT under identical 143 

conditions (Fig. 1a; see experimental arrangement in suppl. Fig. S1a). At 800 nm the mean pixel 144 

intensity of the 2D transverse optoacoustic image of iBAT was 103 ± 13 a.u., whereby ingWAT was at 145 
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42 ± 7 a.u. and the reference absorber at ~64 a.u. in all measurements. When comparing the spectra of 146 

iBAT, ingWAT and black India ink (OD=0.5 at 800 nm), iBAT showed the overall highest signal 147 

intensity (light absorption) with a local maximum at 750 nm and a minimum at 830 nm. IngWAT has 148 

a maximum at 740 nm and a minimum at 800 nm. As expected, India Ink demonstrated the highest 149 

absorption in the 700 nm region and a gradual absorption decrease toward 900 nm (Fig. 1b).  150 

 151 

To inquire whether iBAT can be separated from ingWAT and other surrounding tissues in 152 

vivo, we imaged nude mice by MSOT in the NIR range (700 – 900 nm). iBAT is typically localized in 153 

the cervical-thoracic region as shown in an anatomical transverse cryoslice (Fig. 1c) obtained by 154 

white-light (color) imaging of cryo-slices from a mouse enrolled in the MSOT imaging study. The 155 

iBAT depot resides between the shoulder blades of the animal in a bilateral symmetrical arrangement, 156 

on the left and right of the body axis. Mice were anesthetized using pentobarbital, which has no 157 

inhibitory effects on BAT thermogenesis (17, 22), in contrast to isoflurane and other inhalation 158 

anesthetics including halothane (23-25). An optoacoustic image at 800 nm exhibited areas with strong 159 

absorption (Fig. 1d) that were congruent with the areas identified as iBAT in the corresponding 160 

cryoslice (Fig. 1c). The ingWAT spectrum collected in vivo is flat when compared to the iBAT 161 

spectrum also in vivo (Fig. 1e); the latter has a minimum at 760 nm and a maximum at 800 nm. In 162 

addition to the spectral differences, iBAT exhibits a stronger optoacoustic signal than surrounding 163 

tissues in vivo, which allows the visualization of iBAT even at a single wavelength. Thus, the results 164 

demonstrate that MSOT can differentiate BAT and WAT morphology ex vivo and in vivo. MSOT also 165 

allowed the anatomical capture of the Sulzer vein (SV: Fig. 1e black square; see also Fig. 2a and Fig. 166 

3a), representing the main venous drainage of iBAT.  167 

 168 

The iBAT content in streptozotocin-induced diabetic male Balb/c mice (n=3) was also 169 

interrogated and compared to the one in healthy controls (n=3). MSOT identified a discrete but lower 170 

mean signal within the iBAT region of interest (ROI) of diabetic mice, compared to healthy mice 171 

(Fig.1 f,g; suppl. Fig. 2S and suppl. Table S1). This observation is consistent with findings in 18F-172 
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FDG microPET studies (26). We further separated the contributions of oxygenated hemoglobin 173 

(HbO2) and deoxygenated hemoglobin (Hb), based on their characteristic absorption spectra using 174 

spectral processing of the MSOT images. The HbO2 and Hb in the iBAT of diabetic mice were found 175 

to be 0.22 ± 0.01 and 0.18 ± 0.01, respectively. In heathy control animals, higher HbO2 and Hb values 176 

were measured (HbO2: 0.45 ± 0.02; Hb: 0.29 ± 0.01; see suppl. S2 a). Images are in all cases 177 

normalized to the signal of an artery, assumed to contain 100% HbO2.  178 

 179 

Figure 1: Ex vivo and in vivo comparison of the optoacoustic signal generated from iBAT and ingWAT. (a) 180 
Reconstructed optoacoustic images of excised iBAT and ingWAT from PFA-perfused animals and ink 181 
(OD=0.5 at 800 nm) measured at 800 nm in scattering phantom. (b) Optoacoustic spectra of ex vivo iBAT, 182 
ingWAT and ink in the NIR as measured by MSOT. (c) Anatomical transverse cryoslice of the neck area 183 
showing iBAT. (d) Reconstructed MSOT image (800 nm) showing iBAT and the Sultzer vein (SV) in vivo 184 
(black squares). (e) Optoacoustic spectra of in vivo iBAT, ingWAT in the NIR region as measured by 185 
MSOT. (f) Reconstructed MSOT image (800 nm) of diabetic mouse (DM) in vivo. (g) Normalized signal of 186 
MSOT image (800 nm) in a reference artery, the iBAT and SV in healthy mouse (HM) and DM. Scale bars; 187 
3 mm (a),1 cm (b, d, f). (*p < 0.05). 188 
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 189 
 190 
 191 
In vivo imaging of iBAT activation in mouse  192 

Next, we examined the possibility to interrogate iBAT activation in healthy mice based on 193 

measurements of oxygenated and deoxygenated hemoglobin gradients, hypothesized herein as an 194 

intrinsic biomarker of metabolism. We developed a novel experimental platform for performing, for 195 

the first-time reported, a correlation of hemoglobin-based optoacoustic readings to concurrent indirect 196 

calorimetry (IC) measurements based on breathing gas analysis (FoxBox, Sable Systems International, 197 

USA) (suppl. Fig. S1a). iBAT activation was induced in nude mice (n=6) by intravenous 198 

administration (1 mg/kg) of norepinephrine (NE).  199 

Baseline (pre-NE) and iBAT activation (post-NE) MSOT images were recorded over a period 200 

of 42 minutes with a step of ~4 min, resulting in 4 iBAT pre-NE scans and 7 post-NE scans. At 201 

baseline, MSOT clearly identified two bilaterally symmetrical iBAT locations (Fig. 2a) which were 202 

subsequently employed to define regions of interest (ROI’s) for HBO2 and Hb calculations. Unmixed 203 

HBO2 (Fig.2c) and Hb (Fig.2d) images identified mean HbO2 intensity of the iBAT ROI of 0.45 ± 0.07 204 

prior to activation and 0.96 ± 0.08 after activation (p < 0.0001). The Hb signal intensity increased 205 

significantly from 0.34 ± 0.06 to 0.64 ± 0.08 (p < 0.0001) (Fig. 2b). As in the experiments above, 206 

values are referenced to an artery signal, i.e. to a 100% HbO2 signal. Intensity profiles drawn through 207 

the iBAT regions along the cross-sectional black dashed line marked with the term “profile” on Fig. 2a 208 

demonstrated intensity differences between baseline and activated states for the bilateral iBAT lobes 209 

but not for surrounding tissues (Fig. 2e,f). Area under the curve (AUC) calculations for the HbO2 210 

profiles (Fig. 2e) identified an AUC change from 30.8 ± 6.1. (NE-) to 63.6 ± 2.6 (NE+) after activation 211 

(p = 0.007). The AUC of the Hb profile (Fig. 2f) was 20.1 ± 3.7 (NE-) before and 39.2 ± 1.8 (NE+) 212 

after activation (p = 0.027). To quantify the spatial topology of the activation, we drew contour maps 213 

(suppl. Fig. S3 a,c) of the HbO2 and Hb spatial patterns observed in vivo for the ROI. The contours 214 

quantify the areas implicated in the activation and demonstrate a 3.6-fold mean increase of high-215 

intensity areas for HbO2 and a 2.1-fold mean increase for Hb within iBAT between pre-NE and post-216 

NE measurements for the mice examined (see suppl. Fig. S3).  217 
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Longitudinal imaging of the HbO2 and Hb in iBAT show well-resolved changes in HbO2 and 218 

Hb signals during activation and reveal a maximum change at ~1200 sec after NE administration in 219 

iBAT (Fig. 2g,h). HbO2 and Hb signals from the iBAT ROIs were compared to oxygen consumption 220 

(V̇O2) measured by IC over time (Fig. 2i). The HbO2 and V̇O2 response occurred virtually 221 

immediately after NE administration, whereas changes in the Hb signal appeared in a delayed fashion. 222 

Approximately 500 sec after NE administration, the HbO2 signal dropped, indicating a surge of 223 

oxygen utilization, whereas the Hb signal exhibited only a small change. At 700 sec after NE 224 

administration there is a prominent increase in both HbO2 and Hb signals, indicating a blood volume 225 

increase (blood flow/perfusion) in the activated iBAT area. V̇O2 was found to increase from 38 ± 5 226 

ml/h at baseline to 73 ± 11 ml/h after activation (p = 0.002). Minor changes in response to NE were 227 

measured in WAT and muscle (Fig. 2j). Control mice, injected with saline at the same time point as 228 

the NE injection, showed no significant difference (V̇O2: 42 ± 4 ml/h at baseline and 43 ± 5 ml/h at 229 

post-injection, p = 0.3; HbO2: 0.43 ± 0.04 at baseline and 0.49 ± 0.11 at post-injection, p = 0.3; Hb: 230 

0.35 ± 0.03 at baseline and 0.36 ± 0.05 at post-injection, p= 0.5) (suppl. Fig. S3). We further studied 231 

the derivative of HbO2 and Hb (Fig. 2k,l), which indicates the rate of change in blood constituent 232 

levels, reflecting their utilization and transport in tissue. The maximum HbO2 rate occurred at 750 sec 233 

and the maximum Hb rate at 1000 sec after activation. The correlation between hemoglobin and IC 234 

measurements confirms the original hypothesis that high-resolution images of HbO2 and Hb reflect 235 

BAT activation. However, in contrast to IC measurements, MSOT readings allow in situ observations 236 

along with the visualization of the metabolically activated area.  237 

 238 

 239 

 240 

 241 
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 242 

Figure 2: O2 consumption and oxygenation status measurements during iBAT activation. (a) Anatomical 243 
image at 800 nm showing the iBAT profile and the Sulzer vein (SV). (b) Boxplot of the normalized signal 244 
intensity of oxygenated (HbO2) and deoxygenated (Hb) hemoglobin in the ROI of iBAT of animals 245 
analyzed. (c) MSOT image of the right iBAT lobe of an animal, illustrating the intensity of HbO2 after 246 
activation of BAT with NE. The corresponding horizontal intensity profile is shown in (e). (d) MSOT 247 
image of the right iBAT lobe of an animal illustrating the intensity of Hb after activation of iBAT with NE. 248 
The corresponding horizontal intensity profile is shown in (f). (g,h) Time course of HbO2 and Hb imaging 249 
differences from baseline. (i) Time course of O2 consumption (V̇O2) and changes in HbO2 and Hb before 250 
and after iBAT activation with NE. Injection time point indicated with a black arrow. (j) Time course of 251 
changes in HbO2 and Hb in muscle and WAT before and after iBAT activation with NE. Injection time 252 
point indicated with a black arrow. (k,l) Time derivatives (rates of change) of HbO2 and Hb, indicative of 253 
HbO2 or Hb utilization. Scale bars; 1.0 mm (g,h). (*p < 0.05). 254 
 255 



11 

 

Saturation and Blood volume rates 256 

The sum of HbO2 and Hb, defined as total blood volume (TBV), and the fractional 257 

contribution of HbO2 normalized against the TBV, i.e. the blood oxygen tissue saturation (SO2), were 258 

also calculated (Fig. 3a,b) based on MSOT images and are shown here to have a different time 259 

response than their Hb and HbO2 constituents. After NE administration, SO2 initially decreases, 260 

possibly because of higher metabolic demand, and then increases to a maximum at ~1000 sec post-NE. 261 

TBV follows a similar trend, starting to increase at ~850 sec post-NE (Fig. 3c,d). Time derivatives of 262 

SO2 and TBV values were also computed, since while SO2 values indicate the amount of HbO2 in the 263 

total blood volume present in tissue, the rate of SO2 change more closely reflects oxygen demand by 264 

tissue, i.e. oxygen utilization. Observation of the SO2 rate (time derivative; Fig. 3 e) indicates an 265 

increase in oxygen demand (metabolism) immediately after NE activation, which intensifies in the 266 

subsequent ~700 seconds post-activation. The TBV rate (Fig. 3f) also indicates an increased demand 267 

in blood volume and is representative of the blood volume influx, i.e. flow or perfusion.  268 

To independently assess oxygen utilization, we spectrally resolved oxygenated and 269 

deoxygenated hemoglobin within the lumen of the Sulzer vein (SV; see Fig. 1d, Fig. 2a, Fig. 3a) 270 

before and after activation and calculated the SO2 and TBV, respectively (Fig. 3g,h). We observed that 271 

SO2 dropped significantly at ~1250 sec after NE activation in the SV from 70 ± 15 % to 55 ± 16 % (p 272 

= 0.0008, Fig. 3i). The optoacoustic signals reporting TBV in SV increased significantly after 273 

activation from 0.14 ± 0.03 to 0.20 ± 0.05 (p = 0.0002, Fig. 3j). No changes in SO2 and TBV were 274 

observed in the SV of control animals injected with saline (data not shown). On the contrary, at the 275 

maximum of activation (~1250 sec after NE injection) we observed significant increases of SO2 and 276 

TBV in the bilateral iBAT lobes (SO2: 81 ± 13 % at baseline and 95 ± 14 % after activation, p < 277 

0.0001; TBV: 0.58 ± 0.14 baseline and 1.04 ± 0.16 after activation, p= 0.0004). In an artery used as 278 

reference (indicated with a white box), neither the SO2 nor the TBV increased significantly. These 279 

findings demonstrate that SO2 and TBV gradients in BAT and in the SV can be resolved in mouse and 280 

indicate metabolic activity. SO2 gradients could be regarded as indicative of metabolic demand 281 

(oxygen utilization), whereas TBV changes indicate change in blood flow/perfusion of the area 282 
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observed. This feature may lead to better quantification of relative activation changes in the study of 283 

metabolism in vivo.  284 

 285 
Figure 3: Optoacoustic assessment of changes in blood oxygen saturation (SO2) and total blood volume 286 
(TBV) before and after iBAT activation with NE in mouse. (a) MSOT image of SO2 before and after NE 287 
injection. (b) MSOT image of TBV before and after NE injection. (c) Time course of SO2 in iBAT and 288 
muscle. Injection of norepinephrine (NE) is indicated with a black arrow. (d) Time course of TBV in iBAT 289 
and muscle. Injection of norepinephrine is indicated with a black arrow. (e) Rate of SO2 time curve in 290 
iBAT and muscle. (f) Rate of TBV time curve in iBAT and muscle. (g) MSOT images of relative changes 291 
in SO2 before and after NE injection. (h) MSOT images of relative changes in TBV before and after NE 292 
injection. (i) Normalized signal of SO2 in a reference artery, iBAT and SV before and after activation with 293 
NE. (j) Normalized signal of TBV in a reference artery, iBAT and SV before and after activation with NE. 294 
Scale bars, 0.2 mm (g,h). (*p < 0.05). 295 
 296 
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MSOT handheld measurements and indirect calorimetry in human subjects 297 

The neck and the supraclavicular region of volunteers (n=3) that displayed 18F-FDG uptake in 298 

BAT were imaged using video-rate handheld MSOT (suppl. Fig. S1b), to interrogate whether BAT 299 

could be optoacoustically measured in humans (Fig. 4 a-f). Oblique slices (Fig. 4b,c) were extracted 300 

from volumetric PET images co-registered with MRI images (Fig. 4a). MRI (Fig. 4d) and co-301 

registered MRI-PET slices (Fig. 4e) of the supraclavicular region (i.e. the region of interest outlined 302 

with a yellow dotted-line box on Fig. 4c) were used to validate corresponding MSOT images (Fig. 4f) 303 

obtained from the same region. Since PET resolution is ~9 mm, MRI oblique resolution is ~3 mm and 304 

MSOT resolution ~0.3 mm, the MSOT oblique-slice image (Fig. 4f) gives a more detailed view of the 305 

tissue than oblique PET or oblique MRI. The MSOT image captures information corresponding to a 306 

triangular muscle structure, enclosed by the outer skin boundary and the dotted line in image Fig. 4f, 307 

which is also visible in the oblique MR image (Fig. 4d) albeit with much lower resolution. On the 308 

anterior side of the muscle lies metabolically active adipose tissue (white arrow; Fig. 4f), identified on 309 

the PET-MRI images (Fig. 4a, Fig. 4d,e) as a BAT region.  310 

In a next step, activation was induced via cold exposure of the whole body by means of a suit 311 

perfused with 13°C cold water (n=3). IC measurements of oxygen consumption were conducted in 312 

parallel to the MSOT measurements for validation purposes (Fig. 4g), using an exercise physiology kit 313 

(ML3508B80 Exercise Physiology System, ADInstruments, NZ). MSOT images obtained before and 314 

after cold exposure. BAT images (Fig. 4h) obtained from the area marked with a white arrow on Fig. 315 

4f exhibited higher optoacoustic signal after activation than the areas from the muscle region indicated 316 

by the green arrow on Fig. 4f. Other vascular structures within BAT tissue and at the interface 317 

between BAT and the surrounding muscle regions also exhibited post-activation signal changes 318 

(suppl. Fig. S4c,d).  319 

Similarly to the animal measurements, the HbO2 signal intensity from BAT correlated with the 320 

corresponding V̇O2 measurements (Fig. 4i). The HbO2 intensity in the BAT region changed 321 

significantly with cold activation (0.34 ± 0.12 at baseline vs. 0.92 ± 0.08 after cooling, p = 0.004), 322 

whereas no significant activity was captured from the muscle region (0.29 ± 0.09 at baseline and 0.37 323 
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± 0.08 after cooling, p = 0.09). Small signal variations were observed in the skin (0.98 ± 0.04 at 324 

baseline and 1.16 ± 0.04 after cooling, p = 0.05) (Fig. 4j). In contrast to muscle and BAT, which are 325 

illuminated with diffusive light, the skin receives concentrated light energy. Therefore such changes 326 

could be at least partially explained as small thermal effects, in analogy to the animal measurements. 327 

The percentage change in three individuals showed that the optoacoustic signal in the muscle changes 328 

1 ± 2 %, whereby the V̇O2 changes 4.5 ± 1 % and the optoacoustic signal in the BAT changes 372 ± 329 

105 % (Fig. 4k). This is in accordance with the findings of SO2 and TBV, which show a clear increase 330 

in BAT but not in muscle after cooling (suppl. Fig. 4a,b). Thus, the results demonstrate that MSOT 331 

can optoacoustically detect BAT and activation in humans.  332 

 333 

Hemoglobin, fat and water MSOT features in human volunteers  334 

In a final step we examined the imaging features of human BAT vs. WAT provided by MSOT. 335 

Optoacoustic imaging was performed by illuminating the supraclavicular region of 26 volunteers in 336 

the 700-970 nm spectral region and unmixed in this case four tissue components, i.e. fat and water in 337 

addition to Hb and HbO2. Spectrally, fat and water absorb primarily in the 900-970nm spectral region, 338 

whereby hemoglobins absorb primarily in the 700-900 nm spectral window. All volunteers were also 339 

imaged by a multi-echo gradient echo MRI sequence in a 3T clinical scanner (see methods for details).  340 

Transverse tomographic MR Proton Density Fat Fraction (PDFF) maps were obtained from 341 

the shoulder region of the volunteers (see suppl. Fig. S5 a-d). Low MR-PDFF values indicate the 342 

presence of brown fat, whereas high MR-PDFF values indicate WAT. Water/fat MSOT images 343 

revealed a layered structure consistent with skin, subcutaneous fat and deeper seated muscle and fat 344 

tissues. An MSOT fat fraction (FF) was computed (see Suppl. S5) from the area expected to contain 345 

BAT and WAT, in analogy to the MR-PDFF. MSOT-FF changes observed from the BAT/WAT area 346 

in different volunteers (see Fig. Suppl. S5f,i) corresponded to changes in vascularization and water 347 

content between BAT and WAT (see Fig. Suppl. S5. g, j). Areas of low MSOT-FF were accompanied 348 

by a corresponding increase in vascular volume, consistent with the presence of BAT. Conversely, 349 

volunteers with high MSOT-FF and low Hb/HbO2 signals indicated relative absence of BAT, in favor 350 
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of WAT. Even if MSOT and MRI images were not accurately co-registered in the study, but only 351 

approximately obtained from the same volume, we correlated MSOT-FF to MR-DPFF values and 352 

found a positive correlation with correlation coefficient of r=0.56 (p = 0.003) (suppl. Fig. S5 k).  353 

 354 

Figure 4: Handheld MSOT of human volunteers. (a) MRI – PET coronal co-registration of the upper 355 
torso of a volunteer; the MSOT imaging plane is indicated by the yellow dotted line. (b) 3D MRI 356 
rendering of (a), with the MSOT imaging angle indicated as a yellow plane. (c) Oblique MRI slice of 357 
the shoulder region along the yellow plane in (b). (d) MRI image of the supraclavicular region shown 358 
in (c) as a dotted-line box. (e) Registration of the corresponding PET signal (color) on (d), showing 359 
18F-FDG uptake in activated BAT. (f) MSOT handheld image from the same region as in (d), showing 360 
BAT (white arrow) and muscle (green arrow). (g) Schematic of simultaneous indirect calorimetry and 361 
MSOT measurements of cold activation using 13 °C water. (h) Before and after cold activation, 362 
MSOT was used to image BAT and muscle areas indicated on (f) with white and green arrows, 363 
respectively. (i) HbO2 signals from BAT and muscle, and corresponding V̇O2 measurements over the 364 
time recorded. The black arrow indicates the beginning of cold exposure. (j) Relative changes of 365 
signal intensity in BAT, muscle and skin before and 10 min after cold exposure. (k) Comparative 366 
percentage change between baseline (baseline 0 – 1800 s) and baseline plus activation (activation 0 – 367 
3000 s) in muscle, V̇O2 and BAT ROIs (n = 3). Scale bars, 5 cm (c), 5 mm (d,e,f) and 1 mm (f) (*p < 368 
0.05). 369 
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Discussion	
  370 

Besides its thermoregulatory function, BAT is implicated in energy homeostasis due to its 371 

ability to combust high amounts of nutrient energy (27, 28). In humans, a negative correlation between 372 

BAT activity after cold exposure and BMI and fat mass was demonstrated (4, 29). These observations 373 

have directed investigations that aim to alter BAT mass and activity to counteract energy imbalance 374 

(30). In such studies, quantitative measurements of BAT metabolism can radically complement 375 

generic weight gain/loss or body composition measurements by providing observations of the effects 376 

of substances, drugs and environmental factors on metabolism in vivo.  377 

 378 

Overall, the development of label-free non-ionizing radiation methods for non-invasive 379 

quantitative measurement of energy expenditure can change the landscape of studying metabolism in 380 

BAT and other tissues in vivo. A critical step toward this direction is achieved by the development of 381 

handheld MSOT (31, 32), which yielded herein accurate spectral measurements of metabolic readings. 382 

Even though hemoglobin has long been recognized as a source of contrast for near-infrared 383 

spectroscopy (NIRS) and diffuse optical tomography (DOT) (33), the poor resolution of these 384 

techniques has limited the accuracy and the range of reliable applications (34). Hemoglobin is also 385 

employed in optoacoustic (photoacoustic) imaging to visualize blood vessels and micro-vasculature 386 

(32, 35). Conversely, by applying macroscopic optoacoustic imaging in the near-infrared (NIR), we 387 

resolved not only vasculature but also general tissue features and related for the first time high-388 

resolution tissue hemoglobin readings in metabolic measurements of brown fat, confirmed by indirect 389 

calorimetry. Imaging of tissue HbO2 and Hb was achieved by employing key technology advances. 390 

First, curved detector arrays significantly improve image quality over linear arrays clinically applied in 391 

the past and allowed morphological imaging of tissue structures in mice and humans. Second, we 392 

employed detectors custom-designed for optoacoustic imaging, which allowed broader frequency-393 

band detection over conventional ultrasound arrays, typically manufactured for operation in narrow 394 

bandwidths. Third, the acquisition of one cross-sectional frame per laser-pulse and wavelength, based 395 

on a new class of fast-switch lasers, and advanced image-reconstruction models enabled motion-free 396 
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accurate image reconstructions and, importantly, allowed the seamless use of an extended spectral 397 

range (700-970 nm) within seconds of scan times, which yielded simultaneous reconstructions of Hb, 398 

HBO2, lipid and water tissue content.  399 

 400 

Capitalizing on above-mentioned advances in imaging performance, MSOT resolved BAT 401 

activation in mice and humans. MSOT separated oxy- and deoxy-hemoglobin in high resolution, 402 

computed SO2 and TBV values and further unmixed fat and water based on a non-invasive, handheld 403 

modality which operates with non-ionizing radiation and in label-free mode. Compared to 18F-FDG-404 

PET, the current gold standard for imaging metabolic activity, MSOT is shown to open new 405 

possibilities for BAT and possibly other tissue metabolism measurements by allowing label-free, 406 

handheld (portable), longitudinal and disseminated operation, without the need to use radio-isotopes. 407 

These features are not offered by any other radiological method today.  408 

 409 

Oxygen consumption is an indirect but definitive measure of aerobic metabolism, supported 410 

by an increase in blood flow reflecting greater oxygen demand (13, 14). SO2 and TBV values of 411 

activated BAT strongly correlated with indirect calorimetry measurements in mice and IC and PET in 412 

humans, showing timing differences compared to the corresponding HbO2 and Hb signals. To assess 413 

dynamic tissue responses we also computed SO2 and TBV rates (time gradients). While the SO2 value 414 

statically reveals the tissue oxygenation state at a given time point, the SO2 rate is proposed as a more 415 

precise marker of oxygen consumption. Likewise the TBV rate is proposed as a measure of blood 416 

volume influx (tissue perfusion). BAT activation was manifested by a corresponding increase in SO2 417 

rate (Fig. 3e) and an initially positive blood flow (BAT perfusion; Fig. 3f), which subsequently 418 

becomes negative when tissue oxygen demand is met. In the future, a higher sampling rate may allow 419 

a more precise determination of SO2 and TBV rates, possibly revealing a more detailed picture of the 420 

temporal evolution of BAT activation.  421 

 422 
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IC was employed herein as the gold-standard for the analysis of energy expenditure in rodents 423 

(5, 39, 40), and was also considered for the validation of human measurements based on correlative 424 

V̇O2 monitoring. Computed TBV and SO2 values exhibited a 4-fold stronger local SO2 change in 425 

brown fat over a global VO2 value, also recorded as a SO2 change in the Sulzer Vein (see suppl. 426 

Fig. S3 g). This finding indicates that MSOT may provide a more accurate measurement of 427 

metabolism than IC, since the optoacoustic method measures tissue responses in a localized fashion, 428 

whereby IC records activity in a delayed and global fashion.  429 

 430 

In addition to recording activation and metabolic changes, MSOT was also shown capable to 431 

identify imaging features associated with BAT morphology. Perfused BAT showed a substantially 432 

different spectrum from WAT, possibly explained by the higher content of mitochondria, leading to 433 

the characteristic darker brownish color, in contrast to the lighter white or yellow appearance of WAT 434 

(38). While these differences are expected within the visible spectrum, we showed that spectral 435 

differences also exist in the NIR. Furthermore, BAT exhibited a 2-fold higher overall intensity than 436 

WAT (Fig. 1), possibly due to a combination of the different spectral profiles and the profuse BAT 437 

vascularization over WAT, a feature confirmed in mice and humans (see Suppl. Fig. S5. j). 438 

Conversely, the iBAT region of diabetic mice exhibited a weaker intensity (~20% decrease) compared 439 

to healthy controls (suppl. Fig. 3S). In contrast to 18F-FDG-PET studies, the localization of brown fat 440 

is achieved without the need for contrast agents or cold-activation (26). Moreover, spectral 441 

interrogation at the 900-970 nm window enabled unmixing of fat and water contributions, which 442 

offered a previously undisclosed look into MSOT imaging features in terms of water and fat 443 

composition in subcutaneous and BAT/WAT-related lipid content. Reduced lipid content in the BAT 444 

area was congruent with increased vascularization seen on the 700-900nm MSOT images and 445 

consistent with BAT anatomy and physiology. Different MSOT metrics (SO2, TBV, HBO2, fat or 446 

water) could be contrasted to MRI measurements. In a pilot investigation we derived an MSOT fat 447 

fraction and demonstrated a statistically significant, positive correlation between MSOT-FF and MR-448 
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derived proton density fat fraction (PDFF). This correlation is striking given that the MSOT and MR 449 

images are not rigorously co-registered but only approximately obtained from the same tissue area.  450 

 451 

Even though BAT metabolism was a primary focus herein, MSOT may be more generally 452 

applied to a larger range of applications spanning exercise physiology, bio-energetic/obesity-related 453 

studies and different metabolic diseases such as metabolic syndrome, mitochondrial diseases and 454 

disorders of lipid metabolism. By enabling longitudinal, point-of-care, or even possibly measurements 455 

based on wearable sensors, the method could support scientific research well beyond the limitations 456 

set by the complexity of radio-isotope production, the short lifetimes of radio-isotopes and the 457 

frequency of the measurement performed. Nevertheless, in vivo MSOT is limited to 2-3 cm 458 

penetration depth, therefore we anticipate its use primarily in small animals and specific human 459 

interrogations. The safe use and ability to expand routine MSOT use to outpatient care may enable the 460 

study of metabolism in a personalized manner.   461 

462 
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Methods 463 

 464 

Animals 465 

The mouse in vivo experiments were approved by the government of Upper Bavaria (Az.: 55.2-1-54-466 

2532-123-13). Female nude mice (10 - 12 weeks old Nude-1 Foxn1; Harlan Laboratories, Germany) 467 

were kept at 24±1°C and fed with standard rodent diet (Altromin 1314, Altromin Spezialfutter GmbH 468 

& Co, Germany) with free access to water. They were kept on a 12:12-h light-dark cycle. In addition, 469 

a conventional diabetes animal model was employed by administering streptozocin (Sigma, Germany) 470 

at 150 mg/kg body weight to male BALB/c mice (6 - 8 weeks old; Harlan Laboratories, Germany)  via 471 

i.p. injection after 4 – 6 hours fasting. 472 

 473 

Multi-spectral Optoacoustic Tomography  474 

Animal MSOT measurements (suppl. Fig. S1a) were conducted with a 256-channel real-time imaging 475 

MSOT scanner (41) (inVision 256-TF, iThera Medical GmbH, Munich, Germany) using a tunable 476 

(680-950 nm) pulsed (<10 ns) optical parametric oscillator laser with a 10 Hz repetition rate. A fiber 477 

bundle split in 10 output arms was used for homogeneous light delivery to the imaged sample along a 478 

line illumination around the animal body (ring-shaped illumination). Optoacoustic signals were 479 

simultaneously acquired by a 256-element, cylindrically focused transducer array covering a solid 480 

angle of 270° around the imaged object. The individual detector elements were manufactured from 481 

piezocomposite material and had a central frequency of 5 MHz. The system can acquire cross-482 

sectional (transverse) images through phantoms or small animals like mice. A moving stage enables 483 

the imaging of different planes, while the illumination and detection devices remain static.  484 

	
  485 
For human measurements we utilized a previously unpublished MSOT handheld scanner (see 486 

suppl. Fig. S1b). The scanner was based on a 4.5-cm radius semi-circular detector interfaced to 487 

human tissue through a water-containing chamber. The illumination source system was similar to that 488 

used in the animal system but was operating with 50 Hz scan rate to enable real-time spectral 489 



21 

 

measurements. The handheld device was engineered capable of providing cross-sectional MSOT 490 

images with only a single pulse, thus avoiding the need for averaging. Single-shot imaging enables 491 

video rate measurements and fast multi-wavelength measurements, necessary for minimizing motion 492 

artifacts and ensuring the acquisition of high-quality images.  493 

 494 

Indirect calorimetry 495 

Oxygen consumption for each mouse was analyzed continuously during MSOT scanning using a 496 

transportable O2 analyzer (FoxBox, Sable Systems International, USA). Air at atmospheric pressure 497 

was supplied by means of a compressed air bottle reservoir. For the analysis of gas concentrations, air 498 

was pulled through the MSOT sample holder using the pump included in the FoxBox respirometry 499 

system with a flow rate of 800 ml/min. After leaving the sample holder, air was dehumidified by 500 

passing through a cooling trap and then a tube with magnesium perchlorate (Merck KGaA, Germany). 501 

Air was then filtered (Model 9922-11, Parker Balston) before entering the O2 analyzer (suppl. Fig. 502 

S1a). To correct for drift in the data, the air was pulled through the empty animal holder before and 503 

after the analysis of the mouse (baseline measurement). Drift correction was performed using the 504 

software ExpeData, which was also used for data recording (ExpeData version 1.1.22, Sable Systems 505 

International, USA). Data were collected in 1-sec intervals. Oxygen consumption (V̇O2) of the mouse 506 

was calculated according to the following equation (42): V̇O2 [ml/h] = Δvol%O2* 10* flow [l/h].  507 

	
  508 
Mouse MSOT measurements ex vivo  509 

Ex vivo measurements were performed to measure BAT and WAT spectra and interrogate whether 510 

these two different types of tissue could be spectrally separated in tissue-mimicking phantoms. 511 

Interscapular BAT and inguinal WAT from the hind limb were collected from mice, perfused with 5 512 

ml PBS and inserted into 3-mm diameter plastic tubes. The 3-mm tubes were then embedded into a 2-513 

cm diameter cylindrical phantom made of 1.3% agar (Sigma-Aldrich, St. Louis, MO, USA) and 6% 514 

intralipid emulsion (Sigma-Aldrich, St. Louis, MO, USA), leading to an optically diffusive medium 515 

with acoustic properties similar to those of tissue. The use of diffusive phantoms enables better 516 

simulation of the geometry, illumination conditions, and acoustic detection conditions expected in vivo 517 
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(43). Imaging was performed at 25 wavelengths in the range 700 nm - 900 nm in steps of 10 nm. For 518 

referencing purposes, a previously characterized tube containing India ink was also measured. The ink 519 

solution yielded an optical density of 0.5, as determined by a spectrophotometer.  520 

 521 

Mouse MSOT measurements in vivo 522 

Mice were anesthetized by i.p. injection of 75 mg/kg pentobarbital and placed in the MSOT sample 523 

holder as described earlier (44). In brief, all animals were placed onto a thin, clear, polyethylene 524 

membrane and positioned in the water bath maintained at 34 °C, which provided acoustic coupling and 525 

maintained animal temperature while imaging. For imaging BAT activation, norepinephrine 526 

(arterenol®, Sanofi, Germany; 1 mg/kg (10)) was injected via a catheter inserted in the tail vein. A 527 

total of six animals were used for the activation experiments. Three control animals were injected with 528 

saline (0.9 % NaCl). In each measurement, 10 wavelengths spanning 700 nm to 900 nm were acquired 529 

in 20-nm steps. The duration of anesthesia and MSOT acquisition was limited to ~2500 sec to ensure 530 

ethical animal treatment.  531 

 532 

Cryoslicing 533 

After imaging, the mice were euthanized with a lethal dose of pentobarbital and frozen to -50°C. The 534 

upper torso including the neck was embedded in O.C.T (TissueTeck; Sakura Finetek, USA) and was 535 

transversely cryosliced with a step of 50 micrometers using a modified cryotome (CM 1950; Leica 536 

Microsystems, Germany) equipped with a CCD camera. The camera was used to capture RGB color 537 

images of the surface of the bulk sample remaining after each slicing cycle (21). 538 

 539 

Model-based reconstruction and data analysis 540 

A model-based tomographic reconstruction method, previously described (45), was employed for 541 

MSOT image formation. Optoacoustic images obtained at different wavelengths were then linearly 542 

unmixed for oxy- (HbO2) and deoxygenated (Hb) hemoglobin (in the 700-900nm) and fat and water 543 

(in the 900-970, when available). Hemoglobin values were normalized against the maximum HbO2 544 
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value measured in an artery selected for normalization purposes. The data analysis further consisted of 545 

the calculation of the total blood volume (TBV = HbO2 + Hb) and the oxygen saturation 546 

(SO2 = HbO2 / TBV), the latter closely relating to tissue oxygenation and metabolic changes over time. 547 

SO2 was also calibrated based on an artery signal, assumed to reflect 100% oxygen saturation. SO2 and 548 

TBV rates were drawn by calculating the 1st derivative of the SO2 and TBV over time. Calculation of 549 

activation areas (contour maps; suppl. Fig. S3 a-d) was based on discretizing the HbO2 and Hb 550 

images, before and after activation, down to 5 intensity levels.  551 

 552 

MSOT handheld measurements and indirect calorimetry in human subjects 553 

18F-FDG-PET and MRI data (Biograph mMR; Siemens Healthcare, Germany) from three subjects 554 

were acquired at 70-158 min after the injection of 320-408 MBq 18F-FDG. MRI images were co-555 

registered on the PET images using fiduciary markers. To visualize BAT and measure its activation in 556 

humans, a handheld MSOT was used as described previously (41, 46). The handheld MSOT 557 

illumination was provided by a tunable pulsed laser (Spitlight 600 OPO, Innolas Laser GmbH, 558 

Germany) capable of wavelength tuning (675-1064 nm) on a per-pulse basis at 10 Hz repetition rate. 559 

The light was coupled into a fiber bundle (CeramOptec GmbH) with rectangular output size of 40-by-560 

1 mm² to create a line illumination. For detection, a multi-element piezoelectric transducer was used 561 

with 256 elements placed in a half arc of 120-mm diameter and central frequency of 5 MHz.  562 

For BAT activation measurements, three subjects wore a cooling suit (EOD cooling suit with 563 

pump assembly, Holdfast Systems, ZA). The cooling suit comprises a one-piece garment covering the 564 

upper body, upper arms and legs, as well as a close-fitting, open-faced hood for the head as well as a 565 

cooling pump that circulates ice-cooled water (4°C) through hoses integrated in the garment. During 566 

MSOT handheld imaging, the oxygen consumption of the subjects was analyzed continuously using an 567 

exercise physiology kit (ML3508B80 Exercise Physiology System, ADInstruments, NZ). IC data were 568 

collected at a rate of 1000 Hz and analyzed by LabChart software (LabChart7 version v.7.2, 569 

ADInstruments, NZ) to calculate the oxygen consumption (V̇O2 [L/min]), which is presented as a 570 

moving average over 20 points.  571 
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 572 

MRI –MSOT correlation in human subjects 573 

Twenty-six healthy adult volunteers (10 male, 16 female, mean age, 33.4) were recruited 574 

prospectively. Subjects underwent an MRI of the neck region on a 3T scanner (Ingenia, Philips 575 

Healthcare). For measuring the supraclavicular proton density fat fraction (PDFF) (36, 47), a six-echo 576 

multi-echo gradient echo sequence with bipolar gradients was used with TR = 12 ms, TE1 = 1.24 ms, 577 

ΔTE = 1.0, flip angle = 5°, bandwidth = 1413 Hz/pixel, 268x200x93 acquisition matrix size, FOV = 578 

400x300x140 mm3, 1.5-mm isotropic voxel size, and SENSE with R = 2.5. PDFF maps were 579 

generated using the online complex-based fat quantification algorithm, accounting for known 580 

confounding factors including the presence of multiple fat peaks, a single T2* correction and phase 581 

errors (36, 37, 47, 48). A custom-built MATLAB algorithm was used for delineating the left deep 582 

supraclavicular fat pocket and determining the mean supraclavicular PDFF.  583 

MSOT images of approximately the same region were recorded in an extended 700-970 nm 584 

spectral region, with the same system discussed in the previous section. ROIs from supraclavicular 585 

regions expected to contain BAT or WAT were employed to unmix fat content (presence of fat 586 

spectral intensity in total MSOT spectrum) and water content (presence of water spectral intensity in 587 

total MSOT spectrum), utilizing the 900-970nm spectral window, which contains prominent 588 

absorption contributions from lipids and water. Then the MSOT fat fraction (MSOT-FF) was 589 

computed as the fat spectral intensity over fat and water spectral intensity. Statistical analysis was 590 

performed by using a t-test, two-tailed and considered as paired samples (type 1). A p-value of < 0.05 591 

was considered as statistically significant. 592 
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