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Abstract
Context: Increased standing time has been associated with improved health, but the underlying mechanism is unclear.
Objectives: We herein investigate if increased weight loading increases energy demand and thereby glucose uptake (GU) locally in bone and/or 
muscle in the lower extremities.
Methods: In this single-center clinical trial with a randomized crossover design (ClinicalTrials.gov ID, NCT05443620), we enrolled 10 men with 
body mass index between 30 and 35 kg/m2. Participants were treated with both high load (standing with weight vest weighing 11% of body 
weight) and no load (sitting) on the lower extremities. GU was measured using whole-body quantitative positron emission tomography/ 
computed tomography imaging. The primary endpoint was the change in GU ratio between loaded bones (ie, femur and tibia) and nonloaded 
bones (ie, humerus).
Results: High load increased the GU ratio between lower and upper extremities in cortical diaphyseal bone (eg, femur/humerus ratio increased 
by 19%, P = .029), muscles (eg, m. quadriceps femoris/m. triceps brachii ratio increased by 28%, P = .014), and certain bone marrow regions 
(femur/humerus diaphyseal bone marrow region ratio increased by 17%, P = .041). Unexpectedly, we observed the highest GU in the bone 
marrow region of vertebral bodies, but its GU was not affected by high load.
Conclusion: Increased weight-bearing loading enhances GU in muscles, cortical bone, and bone marrow of the exposed lower extremities. This 
could be interpreted as increased local energy demand in bone and muscle caused by increased loading. The physiological importance of the 
increased local GU by static loading remains to be determined.
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Obesity is a growing problem worldwide, and related ail
ments, such as cardiovascular diseases and metabolic disor
ders, are major causes of death in the Western world (1). It 
has been demonstrated that increased standing time is associ
ated with improved health outcomes such as reduced waist 
circumference, improved insulin sensitivity, and lower risk 
of developing obesity (2-4). Any causal relationship between 
standing time and reduced obesity is yet to be elucidated, 
but there is an ongoing discussion regarding posture alloca
tion and its role in obesity (5).

The mechanisms for the potential health-promoting effects 
of standing are essentially unknown, but possible explana
tions could be static activation of postural muscles or in
creased weight-bearing loading. Recent studies suggest that 
the increased weight-bearing loading of the skeleton, which 
occurs during weight-bearing activities such as standing, can 
trigger a homeostatic body weight sensing system signaling 
from the bone to the brain, affecting energy balance (6, 7).

Our knowledge about the role of the human skeleton has 
evolved from mainly functioning as a structural frame to being 
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considered an endocrine organ (8). It has been shown that 
weight-bearing exercise can increase bone mineral density 
and reduce fat mass, making it an important factor in the regu
lation of bone mass and energy consumption (9, 10). There is 
also evidence showing an interplay between bone and whole- 
body glucose homeostasis and that osteoblast lineage cells are 
involved in the regulation of glucose homeostasis (11). It is be
lieved that not only bone cells but also bone marrow cells play 
a role in glucose homeostasis (12-15). The bone marrow is 
largely composed of the bone marrow adipose tissue 
(BMAT), which play an important role in whole-body energy 
homeostasis by secreting cytokines and adipokines (16, 17). 
Bone is increasingly recognized as an endocrine organ, but 
the knowledge of energy expenditure and glucose uptake 
(GU) in the human skeleton is limited.

Muscles have an important role in energy and glucose 
homeostasis, and studies have shown that exercise of muscles 
in the lower extremities increases GU not only in the exposed 
muscles but also in BMAT (18, 19). Whether standing with its 
corresponding increased static muscle activity and increased 
weight-bearing loading affect GU locally in muscles, adipose 
tissue, or bone is unknown. We hypothesize that increased 
weight-bearing loading increases energy consumption locally 
in tissues exposed to loading. Over time, increased weight- 
bearing loading could result in reduced fat mass and body 
weight, making it a potential treatment option for obesity. 
The aim of the present study was to investigate the effects of 
increased weight-bearing loading (applied using a weight 
vest) as compared to no load on GU locally in the exposed 
bones and muscles.

Materials and Methods
Study Design
This was a single-center interventional imaging crossover 
study (Weight Load PET, ClinicalTrials.gov ID, 
NCT05443620). The aim was to evaluate GU in different 
tissues after the treatment of standing with a heavyweight 
vest (= high load, 11% of body weight) compared to sitting 
(= no load). The loading method with heavyweight vests 
was based on a method from a previously published study 
(7). Beyond the screening visit, all participants took part in 
2 separate visits: (1) high load visit (= standing with heavy
weight vest) and (2) no load visit (= sitting in a wheelchair). 
The order of the visits was randomized using a Microsoft 
Excel randomization formula, and the visits took place ap
proximately 1 to 3 weeks apart. The different interventions 
(1) and (2) were chosen to achieve as large a difference in axial 
loading on the lower extremities as possible between the study 
visits. Furthermore, participants with obesity were recruited 
to further increase the difference in axial, weight-bearing 
loading between treatments. The study was performed at 
Turku PET Centre, Turku University Hospital, Finland, in 
collaboration with researchers from the University of 
Gothenburg, Sweden. Participants were recruited using local 
advertisements, and potential participants were booked for 
a screening visit at the study center.

A total of 14 potential participants were screened, and 
10 male adults completed the study (see Fig. 1) with baseline 
characteristics as described in Table 1. All participants signed 
written informed consent before participation. The study was 
performed according to the Declaration of Helsinki and was 

approved by the Ethical Committee of the Hospital District 
of Southwest Finland.

Participants
Men with obesity [body mass index (BMI) > 30 and ≤ 35 kg/m2, 
fat mass > 25% of total body weight] between 18 and 65 years 
of age, with a maximum body weight of 115 kg, who were 
willing to comply with the study protocol, had normal or clin
ically nonsignificant aberrations of screening blood samples 
(blood cell count, electrolytes, liver function, hemoglobin 
A1c (HbA1c), plasma glucose, lipid profile, thyroid function, 
and C-reactive protein), and who signed informed consent 
were eligible for participation. The exclusion criteria were 
the following: chronic disease that could interfere with partici
pation in the study as judged by the investigator, diabetes, 
chronic pain, consumption of medications affecting food in
take or metabolism, bariatric metabolic surgery, reduced mo
bility, use of illegal drugs or nicotine products, use of excessive 
amounts of alcohol [>14 glasses of wine (15 cL/glass 11% 
alcohol)] per week or equivalent, change in body weight 
≥5 kg during the last 3 months. Participants whose body 
weight changed more than 3 kg between screening and the fol
lowing study visits, who had a drastic change in lifestyle with 
regards to dietary or physical activity habits as judged by the 
investigator, or had a risk of not being able to comply with the 
study protocol as judged by the investigator were excluded 
from the analyses.

Enrollment
Potential participants were booked for a screening visit where 
signed informed consents for participation in the study were 
collected and the participants were checked for compliance 
with the eligibility criteria. Body weight at screening and other 
visits was measured using a calibrated scale [Seca scales (ref. 
I110785), Seca, Germany]. Fat mass and fat-free mass were 
measured with air displacement plethysmography and an 
electronic scale (the Bod Pod system, COSMED, Inc., 
Concord, CA, USA). Height was measured for BMI calcula
tion. Participants underwent an orthostatic blood pressure 
test using calibrated standard equipment for every measure
ment (Apteq or Omron Intellisense blood pressure machine). 
All blood samples were analyzed at the local hospital- 
certified laboratory. Enrollment and study flow are shown 
in Fig. 1.

Participant Preparation
Participants were instructed to continue with their habitual 
lifestyle during their participation in the study. Forty-eight 
hours before each visit, participants were instructed to refrain 
from exhaustive physical activity, sauna, and alcohol. 
Twenty-four hours before each visit, they were instructed to 
refrain from caffeine-containing beverages. They had an over
night fast (>8 hours) from the evening before each visit. Three 
hours before each visit, participants completed a standardized 
breakfast [80 g oatmeal porridge, 200 mL milk (1.5% fat), 
200 mL juice, 1 banana, and 200 mL yoghurt (2% fat); 
544 kcal, including protein 11.8 E%, carbohydrates 70.1 E%, 
fat 14.3 E%] followed by another 3-hour fasting period before 
the visit start. Fasting was then maintained during the study vis
its, but intake of water was allowed after body weight measure
ments at the start of each visit.
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Experimental Protocol
A schematic diagram of experimental protocol is shown in 
Fig. 2. Study visits started with a weighing followed by a 
1-hour resting period in the supine position. Then participants 
changed position to either (1 = high load) standing or (2 = no 
load) sitting in a wheelchair. During visit (1) participants put 
on a heavyweight vest (PRF Weight Vest, Casall, Norrköping, 
Sweden) consisting of 11% of the participants’ body weight, 
and during visit (2) participants sat in the wheelchair without 
a vest with their feet on the footrests. The participants held 
this position for a total of 3 hours and were instructed to be 
completely still and to distribute their body weight evenly 
on both lower extremities. They were not allowed to lean to
ward or rest their arms on any surface during the experiment. 
To reduce strain and discomfort, they performed a 2.5-minute 
slow-paced walk every 30 minutes during the first 105 
minutes. Walking was performed on a flat surface with no 
in- or decline. After each walk, the participant returned to 
the original position. After 105 minutes, no further movement 
was allowed. The same movement schedule was followed at 
the (2) no load visit but participants then moved in their 
wheelchair on a flat surface using their arms without applying 
pressure on their feet.

Fluorine-18 labeled glucose analog, 2-deoxy-2-[18F]-fluoro- 
D-glucose (18F-FDG; mean dose 102.7 MBq, SD ± 4.0) was 

used as a radiopharmaceutical and was injected at 120 minutes 
after a 6-hour fasting period while the participants remained in 
the allocated position. At 180 minutes, participants were 
moved in a wheelchair [also after the (1) high load treatment] 
to the scanner room to perform a whole-body quantitative posi
tron emission tomography/computed tomography (PET/CT). 
During the (1) high load visit, the weight vest was removed 
immediately before scanning started. The PET/CT method 
used in this study evaluated GU in different tissues during the 
treatments even though the measurement was performed 
immediately after the treatment, since a majority of the cellular 
18F-FDG uptake takes place in the first minutes after injection. 
The glucose analogues were then trapped intracellularly enab
ling a subsequent PET/CT scan that still measured GU during 
and not after the treatment (20).

PET/CT Image Acquisition
The participants were positioned supine in the scanner. A long 
axial field-of-view Biograph Vision Quadra (Siemens 
Healthcare GmbH, Munich, Germany) PET/CT device was 
used to scan the whole body. CT scans were performed with 
a slice thickness of 1.5 mm, pitch factor 1.7, 120 kV, and 
9 mAs. PET data were acquired in a list mode for using 
2 bed position (10 minutes each) with a field of view of 

Figure 1. CONSORT diagram describing enrollment and study flow. The participants with screening failure did not meet all inclusion criteria and/or did 
meet at least 1 of the exclusion criteria as described in Methods.
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106 cm. PET data were corrected for attenuation, randoms, 
scatter, and decay and reconstructed with the vendor’s time 
of flight point-spread-function algorithm with 4 iterations 
and 5 subsets. The resulting image size was 440 × 440 × 425 
with a voxel size of 1.65 × 1.65 × 2.50 mm3. The input func
tion for the quantification of PET image data was obtained 
from repeated arterialized venous blood samples taken from 
the tracer injection until the end of the PET scans. The radio
activity concentration in the plasma was measured with a 
gamma counter (AMG, Hidex, Turku, Finland) cross- 
calibrated with the dose calibrator (VDC-202; Veenstra 
Instruments, Joure, the Netherlands) and the PET/CT scanner. 
CT images obtained from the same scanning session were used 
for anatomical reference.

Image Analysis
PET images were corrected for decay and quantification of 
18F-FDG uptake was performed by standard region of interest 
(ROI) analysis followed by the calculation of the fractional 

uptake rate (FUR) using the PET image data and the individ
ual input function, ie, plasma radioactivity data (21, 22).

The ROIs were defined on targeted tissues on 5 adjacent 
PET image slices (each slice approximately 3 mm thick) on 
the transverse plane analyzing specific sections of each tissue. 
The Carimas Research v2.10 software (Turku PET Centre, 
University of Turku, Finland) was used to define ROIs, and 
the definitions for each specific tissue were all made by 1 inves
tigator to avoid interobserver differences. Glucose FUR values 
were obtained for the following tissues: 

• Cortical bone
⚬ Diaphyseal part of femur, tibia, and humerus.

• Bone marrow region
⚬ Diaphyseal part of femur, tibia, and humerus.
⚬ Vertebral bodies of Th10-Th12 and L3-L4.

• Muscles
⚬ Quadriceps femoris muscle, triceps surae muscle, tri

ceps brachii muscle.
• Adipose tissue

⚬ Visceral adipose tissue at L3-L4 level.
⚬ Subcutaneous adipose tissue (SAT) in femoral, tibial, 

and humeral regions. SAT also analyzed in ventral 
part of abdominal area at L3-L4 level.

⚬ Supraclavicular brown adipose tissue (BAT).

For all ROIs in extremities, bilateral glucose FUR values 
(mean values in both legs and both arms) were used in the ana
lysis. An illustration of the ROI drawing is shown in Fig. 3. 
Glucose FUR values were further converted into glucose up
take values using the following formula:

Glucose Uptake
μmol

kg x min

􏼒 􏼓

=
FUR x Plasma Glucose

Lumped Constant x Tissue Density 

Plasma glucose levels were obtained from plasma sampling 
during the visits and calculated as the mean of the plasma glu
cose values taken at 120 minutes and onwards, values from 
the 18F-FDG injection until the end of the experiment. The 
lumped constant (LC) is a value that considers differences in 
the uptake of glucose and 18F-FDG from the blood to different 
tissues. For muscle it is 1.16 and for adipose tissue 1.14 
(23, 24). There is no calculated LC for other analyzed tissues; 
thus the LC for those tissues has been assumed to be 1. Tissue 
density was acquired from the Report of the Task Group on 
Reference Man (25).

Blood Sampling and Vital Signs
At the start of each visit, 2 Teflon catheters were inserted into 
the antecubital veins on each forearm of the volunteer: 1 for an 
injection of 18F-FDG and the other for blood sampling. 
Arterialized venous blood samples for measurement of plasma 
radioactivity concentration were obtained repeatedly starting 
from the tracer injection and ending at the end of the PET scans 
for each study visit separately. Plasma glucose samples were 
collected from −30 minutes and then every 30 minutes until 
the end of the visit. Plasma insulin, free fatty acids, and lactate 
samples were collected at −30, 0, 60, 120, and 180 minutes. 
All samples were analyzed in the certified local laboratory at 

Table 1. Clinical characteristics from screening for all men included in 
the analysis

Anthropometry Mean ± SD n

Age (years) 38.4 7.9 10
Height (cm) 182 6.7 10
Weight (kg) 106.2 7.6 10
BMI (kg/m2) 32.2 2.1 10
Fat percent (%) 36.6 3.9 10
Fat mass (kg) 38.9 5.3 10
Fat-free mass (kg) 67.2 5.9 10
Plasma markers

Total cholesterol (mmol/L) 4.9 0.7 10
HDL cholesterol (mmol/L) 1.1 0.2 10
LDL cholesterol (mmol/L) 3.2 0.6 10
Fasting triglycerides (mmol/L) 1.6 0.8 10
Fasting insulin (mU/L) 16.1 6.8 10
HOMA-IR index 4.2 1.9 10
Fasting plasma glucose (mmol/L) 5.7 0.4 10
CRP (mg/L) 5.0 7.3 10
ALT (U/L) 59.4 31.6 10
AST (U/L) 34.2 10.8 10
ALP (U/L) 64.1 11.0 10
TSH (mU/L) 1.8 0.5 10
Thyroxine (pmol/L) 15.7 1.5 10

Blood markers
Red blood cells (1012/L) 5.2 0.4 10
White blood cells (109/L) 6.4 1.3 10
Hemoglobin (g/L) 161.0 10.6 10
Platelets (109/L) 256.9 44.9 10
HbA1c (mmol/mol) 35.6 3.0 8
HbA1c (%) 5.4 0.7 8

Data are expressed as mean ± SD. 
Abbreviations: ALT, alanine transaminase; ALP, alkaline phosphatase; AST, 
aspartate transaminase; BMI, body mass index; CRP, C-reactive protein; HbA1c, 
hemoglobin A1c; HDL, high-density lipoprotein; HOMA-IR, homeostatic 
model assessment for insulin resistance; LDL, low-density lipoprotein.

4                                                                                                    The Journal of Clinical Endocrinology & Metabolism, 2024, Vol. 00, No. 0
D

ow
nloaded from

 https://academ
ic.oup.com

/jcem
/advance-article/doi/10.1210/clinem

/dgae344/7675462 by Turun Yliopisto user on 29 August 2024



Turku University Hospital, Turku, Finland, using standar
dized procedures. Plasma insulin, TSH, and free T4 were deter
mined by electrochemiluminescence immunoassay (TSH, 
RRID:AB_2756377; T4, RRID:AB_2756378; insulin, RRID: 
AB_2756877) and C-reactive protein by immunoturbidimetry 
(Cobas 8000 e801, Roche Diagnostics GmbH, Mannheim, 
Germany, RRID:SCR_025257). Plasma glucose was deter
mined by an enzymatic reference method with hexokinase 
GLUC3; plasma triglycerides, cholesterols (total, low-density 
lipoprotein, high-density lipoprotein), and free fatty acids by 
enzymatic colorimetric tests; lactate by an enzymatic reference 
method; and alanine transaminase, aspartate transaminase, 

alkaline phosphatase by kinetic photometry (Cobas 8000 
c702, Roche Diagnostics GmbH, RRID:SCR_025256). 
HbA1c was determined by turbidimetric inhibition 
immunoassay (Cobas 6000 c501, Roche Diagnostics GmbH, 
RRID:SCR_025255; immunoassay, RRID:AB_2909460). 
Percentage HbA1c was calculated using the formula: 
HbA1C (%) = [HbA1c (mmol/mol)/10.929] + 2.15 (26). 
The homeostatic model assessment for insulin resistance index 
was calculated by the following formula: fasting glucose 
(mmol/L) × fasting insulin (mU/L)/22.5 (27). Pulse rate and 
blood pressure were measured at both visits at 0, 90, and 
180 minutes.

Figure 2. Schematic diagram of experimental protocol. After 3 hours of intervention, each visit ended with a whole-body PET/CT scan. Three hours 
before each study visit, participants consumed a standardized breakfast. During the intervention, there were 4 short movement breaks (orange box and 
arrows). Blood samples were collected at several timepoints from −30 minutes to 180 minutes according to the description in Methods (red box and 
arrows). At 120 minutes, 18F-FDG was injected followed by radioactivity blood sampling from 120 to 180 minutes and finally a whole-body PET/CT at 
180 minutes (blue boxes, arrows, and bracket). Created with publication rights from BioRender.com. 
Abbreviations: 18F-FDG, 2-deoxy-2-[18F]-fluoro-D-glucose; PET/CT, positron emission tomography/computed tomography.

A B

Figure 3. Images from a participant’s (A) right lower extremity and (B) lumbar vertebrae L3. (A) Shows a transversal plane PET/CT section with ROI 
drawing on (A1) quadriceps muscle, (A2) subcutaneous adipose tissue in femoral region, (A3) femoral diaphyseal bone marrow cavity, and (A4) cortical 
femoral bone. (B) Shows a transversal plane PET/CT section with ROI drawn on the vertebral body (B1) on the L3 vertebrae. 
Abbreviations: PET/CT, positron emission tomography/computed tomography; ROI, region of interest.
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Outcomes
GU ratios were calculated in weight-loaded regions (ie, lower 
extremity) compared to nonweight-loaded regions (ie, upper 
extremity). The predefined primary endpoint was the change 
in this GU ratio in cortical bone between (1) high load (stand
ing with a weight vest weighing 11% of the participant’s body 
weight) and (2) no load (sitting in a wheelchair without a vest). 
Main secondary endpoints included change in the same ratio 
for (1) diaphyseal bone marrow region, (2) muscles, and (3) 
SAT in high load compared to no load. Secondary endpoints 
also included absolute changes in GU, not adjusted for GU up
take in upper extremities, in the aforementioned tissues.

Key exploratory endpoints were absolute changes in GU for 
trunk tissues (eg, BAT, white adipose tissue, vertebral bodies) 
in high load compared to no load. Other exploratory end
points included changes in vital signs, total plasma choles
terol, plasma glucose, plasma insulin, plasma lactate, and 
plasma free fatty acids in high load compared with no load.

Statistical Analysis
Data analysis was performed using SPSS Statistics 29 (IBM 
Corp., Armonk, NY, USA). Normality of the data was ex
plored using the Shapiro–Wilk test, which showed that varia
bles for the primary endpoint and main secondary endpoints 
had normal distribution. The arithmetic mean values were cal
culated from the individual measurements and expressed at a 
precision of 1 SD (mean ± SD). To compare GU between inter
ventions, paired samples t-tests were used. One-way ANOVA 
with Dunnett’s post hoc test was used to compare the mean 
thoracic vertebral GU with the mean GU in the other 16 eval
uated tissues [Supplementary Fig. S1 (28)]. P-values < .05 are 
considered statistically significant.

Results
Baseline Characteristics
A total of 10 men completed the trial according to the protocol 
and were included in the data analysis. Baseline characteristics 
from the screening visit for those participants are shown in 
Table 1.

GU Ratios Between Lower and Upper Extremity
According to the predefined primary outcome, GU ratios were 
calculated to compare GU in loaded and nonloaded regions of 
the body, ie, lower extremity (loaded) compared to upper ex
tremity (nonloaded).

The GU ratio between loaded cortical bone and nonloaded 
cortical bone was increased in high load compared to no load; 
both the femur/humerus ratio (increased by 19%, P = .029) 
and the tibia/humerus ratio (increased by 18%, P = .013; 
Fig. 4A) were increased. Similarly, the GU ratio in the fe
mur/humerus diaphyseal bone marrow regions was increased 
when comparing high load to no load (increased by 17%, 
P = .041; Fig. 4B). There was a tendency of increased GU ratio 
in the tibia/humerus diaphyseal bone marrow regions when 
comparing high load to no load (P = .081; Fig. 4B). The GU 
ratio in loaded muscle/nonloaded muscle was increased in 
high load compared to no load; both the m. quadriceps femo
ris/m. triceps brachii ratio (increased by 28%, P = .014) and 
the m. triceps surae/m. triceps brachii ratio (increased by 
74%, P = .011; Fig. 4C) were increased. The GU ratio was 

not affected by increased loading when comparing SAT in 
the lower and upper extremities (Fig. 4D).

Absolute GU in Lower Extremities
In addition, absolute total GU (not adjusted for GU in upper 
extremities) was also significantly increased in muscles of the 
lower extremity, especially in triceps surae, with an increase 
of 8.2 µmol × kg−1×min−1 (P = .02) but also in quadriceps 
femoris with an increase of 2.3 µmol × kg−1×min−1 (P = .02) 
when comparing high load with no load [Supplementary 
Fig. S2 (28)]. No statistically significant effect of increased 
loading on absolute GU was observed in cortical bone, diaphy
seal bone marrow, or SAT in the lower extremities 
[Supplementary Fig. S2 (28)]. However, there was a tendency 
of increased absolute GU in femoral cortical bone (P = .07) 
when comparing high load with no load [Supplementary 
Fig. S2 (28)].

GU in Trunk Region
Several different regions and tissues were analyzed in the 
trunk region to compare GU between high load and no 
load. No significant differences were observed in GU in the 
thoracic vertebral bodies, lumbar vertebral bodies, visceral 
adipose tissue, or SAT. There was a tendency (P = .08) toward 
lower GU in supraclavicular BAT during high load compared 
with no load [Supplementary Fig. S3 (28)].

Unexpectedly, the absolute GU in the vertebral bodies at 
both the thoracic (Th10-Th12) and the lumbar (L3-L5) levels 
were very high during both the no load and the high load treat
ments [Supplementary Fig. S3 (28)]. To relate GU in verte
braes to GU in other tissues, a comparison between GU in 
different tissues during the no load treatment was performed 
and is shown in Supplementary Fig. S1 (28). This demon
strates exceptionally high GU in the bone marrow of vertebral 
bodies, exceeding the GU in supraclavicular BAT and multiple 
skeletal muscles. GU in thoracic vertebral bodies was signifi
cantly higher compared to all other tissues except lumbar ver
tebral bodies. The highest absolute GU was observed in the 
bone marrow region of the vertebrae, followed by BAT and 
different skeletal muscles, followed by diaphyseal cortical 
bone, while the lowest GU was observed in adipose tissues 
[Supplementary Fig. S1 (28)].

Metabolic Plasma Markers
Glucose plasma levels were significantly increased 90 and 
120 minutes after the intervention start during high load com
pared to no load. At 90 minutes, the high load glucose level 
was 5.4 mmol/L (± SD 0.3) compared to 5.2 mmol/L (± SD 
0.3, P = .003) during no load. At 120 minutes, the high load 
glucose level was 5.5 mmol/L (± SD 0.3) compared to 
5.3 mmol/L (± SD 0.4, P = .006) during no load (Fig. 5).

Insulin plasma levels were significantly increased 60 mi
nutes after the intervention start during high load, 23 mU/L 
(± SD 11.0) compared to no load, 17.8 mU/L (± SD 6.9, 
P = .018). Lactate plasma levels were significantly increased 
at 180 minutes (the end of the intervention) during high 
load, 1.0 mmol/L (± SD 0.3) compared to no load, 
0.8 mmol/L (± SD 0.2, P = .03). See Fig. 5.

No significant differences were observed in plasma levels of 
free fatty acids between no load and high load (Fig. 5).
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Pulse and Blood Pressure
Pulse and diastolic blood pressure were significantly increased 
90 and 180 minutes after the start of the intervention during 
high load compared to no load. Pulse at 90 minutes was 
87 beats per minute (bpm; ± SD 11.4) during high load 
and 68 bpm (± SD 10.3, P < .001) during no load. Pulse at 
180 minutes was 85 bpm (± SD 12.2) during high load and 
68 bpm (± SD 9.3, P = .002) during no load (Fig. 6).

Diastolic blood pressure at 90 minutes was 98 mmHg 
(± SD 13.8) during high load and 88 mmHg (± SD 23.3, 
P = .001) during no load. Diastolic blood pressure at 180 mi
nutes was 97 mmHg (± SD 10.7) during high load and 
88 mmHg (± SD 10.0, P = .003) during no load (Fig. 6).

No significant differences were seen in systolic blood pres
sure between the 2 treatments (Fig. 6).

Discussion
Studies have reported associations between increased standing 
time and improved health as well as improved insulin 

sensitivity (2). Furthermore, it has been demonstrated that 
standing increases overall energy expenditure, which could 
help prevent weight gain even if the magnitude of increase 
may not be large enough to make standing an effective treat
ment for obesity (29). However, in addition to standing, it 
has been proposed that increased weight-bearing loading re
duces body weight and body fat mass via a homoeostatic 
mechanism (30). In this study, we demonstrate that glucose 
metabolism in muscle and bone is influenced by increased 
weight-bearing loading achieved by changing posture from 
sitting (no load) to standing with a weight vest (high load).

Although it is well established that dynamic exercise in
creases GU in exposed muscles (18, 31), it was unknown if 
static loading achieved by wearing an exogenous weight dur
ing standing affects GU locally in bone and/or muscle in the 
lower extremities. In this trial, we combine standing with in
creased weight-bearing loading by adding weight vests to 
maximize the loading difference between treatments to better 
evaluate the effects of increased loading in addition to the ef
fects of standing. We show that increased weight-bearing 

Fem
ur / H

um
er

us

Tib
ia

/ H
um

er
us

0%

50%

100%

150%

Cortical Bone

R
at

io
(%

o
f

N
o

L
o

ad
) ✱ ✱ No Load

High Load

Fem
ur / H

um
er

us

Tib
ia

/ H
um

er
us

0%

50%

100%

150%

200%

Diaphyseal Bone Marrow

R
at

io
(%

o
f

N
o

L
o

ad
) ✱

No Load

High Load

Quad
ric

pes
/

Tric
ep

s Bra
ch

ii

Tric
ep

s Sure
ae

/

Tric
ep

s Bra
ch

ii

0%

50%

100%

150%

200%

250%

Muscle

R
at

io
(%

o
f

N
o

L
o

ad
)

✱

✱ No Load

High Load

Fem
ur / H

um
er

us

Tib
ia

/ H
um

er
us

0%

50%

100%

150%

Subcutaneous Adipose Tissue

R
at

io
(%

o
f

N
o

L
o

ad
) No Load

High Load

A B

DC

Figure 4. The effects of increased loading on the GU ratios between loaded extremities and not loaded extremities. (A) Cortical bone for femur/ 
humerus GU ratio and tibia/humerus GU ratio. (B) Diaphyseal bone marrow region for femur/humerus GU ratio and tibia/humerus GU ratio. (C) Muscle 
for quadriceps/triceps brachii muscle GU ratio and triceps surae/triceps brachii muscle GU ratio. (D) SAT for femoral region SAT/humeral region SAT GU 
ratio and tibial region SAT/humeral region SAT GU ratio. Within group P-values (high load vs no load) are calculated using paired samples t-test. Data are 
expressed as mean ± SEM in percent of no load. *P < .05. 
Abbreviations: GU, glucose uptake; SAT, subcutaneous adipose tissue.
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loading increases GU in cortical bone, bone marrow, and 
muscles in the exposed regions of the lower extremities.

It has not previously been shown that increased weight- 
bearing loading increases GU in cortical bone. Our present 
findings suggest that the cortical bone responds to increased 
loading with enhanced GU to account for increased energy de
mand from bone remodeling due to augmented loading- 
induced strain in the bone tissue. This would then implicate 
an increased local energy expenditure, caused by loading and 
dependent on gravitational forces (30). The main glucose 
transporter (GLUT) in osteoprogenitor cells is thought to be 
the insulin-independent GLUT1, but the insulin-dependent 
GLUT4 may also play a role, as it does in skeletal muscles 
(32, 33). In this study, we cannot determine which glucose 
transporter mediates the GU, but we propose that it may be 
the insulin-independent GLUT1, since there was no difference 
in plasma insulin levels between treatments after 18F-FDG 
injection.

We observed a loading-induced increase of the femur/hu
merus GU ratio not only in the cortical bone but also in the 
bone marrow region. It has previously been demonstrated 
that bone marrow metabolism differs depending on anatomic
al location and is impaired in insulin resistance. GU and insu
lin sensitivity appears to be improved in femoral bone marrow 
after exercise while it is not affected in vertebral bone marrow 
(34, 35). GU in vertebral bone marrow has been shown not to 
be affected by insulin stimulation, and it appears to be lower in 
individuals suffering from obesity and diabetes compared to 
the nonobese without diabetes (36). This indicates that fem
oral bone marrow is an insulin-sensitive tissue while vertebral 
bone marrow may not be insulin sensitive. At present, the re
sults are, however, a bit conflicting, and further studies are 
warranted to elucidate the mechanism for GU regulation in 
vertebral bone marrow (37). A previous study has demon
strated that the GU in bone marrow is not completely linked 
to exercise and the GU of muscles (18), indicating that the in
crease in GU ratio for bone marrow in the present study could 
be a direct effect, not only mediated via increased muscle 
activation. Bone marrow is an active tissue that has many 
physiological functions locally and possibly at the systemic 
level (36, 38). Consequently, the present findings may have 
important implications in understanding the role of bone mar
row in metabolic disorders and glucose metabolism.

The observed loading-induced increase in muscle GU was 
expected as the change in posture activates postural muscles 
to maintain an upright position, which in turn generates an in
crease in energy demand. It has previously been demonstrated 
that GU in skeletal muscles in general is lower in individuals 
with obesity compared to lean individuals, which is believed 
to be caused by reduced insulin sensitivity (39). Previous stud
ies have shown that active exercise increases GU in muscles 
(18, 19). However, the present study is the first to demonstrate 
that standing, resulting in static muscle activation, indeed in
creases GU in postural muscles, especially in the lower part of 
the leg (triceps surae muscle). This is probably a sign of in
creased energy demand, which could be one of the factors re
lating standing to improved health, for example, improved 
insulin sensitivity (2).

In a recent cross-sectional study, it was observed that high 
BMI was associated with high GU of the long bones in the low
er extremities (40). This previous observational finding is in 
line with the present functional study demonstrating that in
creased loading enhances GU in the weight-bearing skeleton 

in the lower extremities. The relationship between increased 
loading or obesity and bone is complex. Obesity has numerous 
effects on bone metabolism, including fat accumulation, en
hanced bone formation, and secretion of proinflammatory cy
tokines (41, 42). Bones exposed to increased loading may 
require more energy to increase bone mass and maintain 
bone balance to support the heavier body. The increased GU 
in cortical bone and bone marrow may also indicate crosstalk 
between bone and systemic glucose homeostasis.

The increased diastolic blood pressure and pulse rate ob
served in the present study are most likely caused by the pos
ture change since diastolic blood pressure, peripheral 
resistance, and the pulse rate are known to increase when 
standing. Cardiac output and stroke volume still decrease 
when standing, maybe as a consequence of a decreased central 
blood pool (43, 44).

Despite the increased GU by various tissues during the high 
load treatment, the blood glucose and insulin levels stayed the 
same or even increased compared to the no load treatment 
(Fig. 5). This might be due to compensatory increased glucose 
production from the liver. The increase in plasma glucose lev
els by increased weight-bearing loading that were observed at 
90 and 120 minutes after treatment start could be attributed 
to physiological changes from, for example, increased pulse 
rate or a systemic increase in energy demand. This could be 
caused in part by muscle activation but possibly also by in
creased glucose demand from cortical bone and/or bone mar
row generating a systemic stress response causing increased 
gluconeogenesis and glycogenolysis. The difference in insulin 
levels at 60 minutes is probably caused by the preceding posi
tive slope of the plasma glucose levels during high load, stimu
lating insulin release from pancreatic beta cells. Another 
possible explanation for the increase of insulin and glucose 
levels during high load is that increased sympathetic tone 
while standing with a weight vest induced a transient increase 
in insulin and glucagon secretion (45). Interestingly, we also 
observed that increased weight-bearing loading increased 
plasma lactate levels at the end of the treatment. The lactate 
increase could be due to anaerobic metabolism caused by skel
etal muscle fatigue or hypoxia even though this is unlikely due 
to the low intensity workload of the treatments combined 
with the high capacity of muscle cells for aerobic metabolism 
(46). It is possible that the increased lactate from increased 
weight-loading is due to a general increase of GU in peripheral 
tissues other than muscle cells such as bone marrow, which 
have a lower aerobic metabolic potential to metabolize lac
tate, resulting in an increase of lactate release into the 
bloodstream.

An unexpected finding in the present study was the excep
tionally high GU in the bone marrow region of the vertebral 
bodies that was independent of the loading. The GU in the ver
tebral bone marrow region was even higher than in supracla
vicular BAT and in skeletal muscles, 2 tissues known to have 
very high GU (34, 47). Evidence suggests that vertebral bone 
marrow differs from femoral and tibial bone marrow, with 
the vertebrae consisting of more red marrow and less BMAT 
while the bone marrow of the long bones consists of more 
BMAT (37, 38). It is well established that the main function 
of the vertebral body bone marrow is hematopoiesis. In add
ition, we propose that the vertebral bone marrow region 
might be involved in systemic glucose homeostasis. Previous 
studies suggest that femoral bone marrow insulin sensitivity 
correlates with whole-body insulin sensitivity and that 
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exercise increases femoral bone marrow insulin sensitivity but 
not vertebral bone marrow insulin sensitivity (34, 35). 
Another recent study showcased aligning results with high 
GU in vertebral bone marrow. The authors also showed that 
GU increases in femur, tibia, and fibula in correlation with in
creased BMI, while no correlation was shown between BMI 
and GU of the vertebrae (40). Further studies should deter
mine the role of the vertebral bone marrow region for systemic 
glucose homeostasis, including studies that determine whether 
the GU in the vertebral bone marrow region is regulated by 
factors known to regulate GU and/or insulin resistance in 
muscle and/or white adipose tissue.

Strengths of the present pilot study include the use of 
state-of-the art whole-body PET study-based analyses and 
the crossover design, comparing 2 different loading protocols 
in the same subjects. Limitations of the present study design 
include difficulties in separating the loading effect per se 
from the effects of the postural changes and corresponding 
muscle activation. To investigate this, another intervention 
consisting of standing without a weight vest should have 
been included. It would also be of interest to investigate 
how GU responds to different levels of weight-bearing load
ing. Other limitations are that only men were included, the 
duration of the intervention was short, and physical activity 
was not measured. The design with standing and adding a 
weight vest was chosen to maximize the difference in loading 
between the 2 interventions: (1) standing with a vest and (2) 
sitting without a vest. A predefined ratio was used as a primary 
endpoint to look at GU in loaded tissues vs nonloaded tissues 
to achieve increased specificity on local effects. The sample 
size (n = 10) was relatively small in the present study, and 
we may, therefore, not have detected true effects of minor 
magnitude. Participants in this study were insulin resistant, 
according to the homeostatic model assessment for insulin re
sistance index, with a mean value of 4.2 (± SD 1.9) at screen
ing. It is unclear if or how this insulin resistance could have 
affected the results. Future studies are warranted to further in
vestigate the systemic effects on energy expenditure and to 
separate the weight-bearing loading effect from the effects of 
standing. Future, more comprehensive studies should include 
larger sample sizes including both men and women.

In conclusion, increased weight-bearing loading enhances 
GU in muscles, cortical bone, and bone marrow in the exposed 
lower extremities. This could be interpreted as increased local 
energy demand in bone and muscle caused by increased load
ing and/or the static workload of standing. The physiological 
importance of the increased local GU by static loading re
mains to be determined, but these results indicate potential 
positive health effects from standing and increased weight- 
bearing loading. Further studies should determine the nature 
of the unexpected very high GU in vertebral bodies.
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