Insulin resistance is associated with skeletal muscle weakness in COPD
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Summary at a glance
We tested the hypothesis that insulin resistance contributes to COPD-associated skeletal muscle weakness. A one unit increase in insulin resistance was associated with a 5.9 (2.0-9.8)kg decrease in quadriceps strength and 4.2 (1.3-14.3)fold increased risk of quadriceps weakness. Further studies are required to determine the therapeutic potential of insulin-sensitising drugs in COPD.


ABSTRACT
Background and objective. Quadriceps weakness is seen across all GOLD stages of COPD and is associated with increased morbidity and mortality. As quadriceps weakness is only weakly associated with FEV1, mechanisms other than airflow obstruction are implicated. We tested the hypothesis that insulin resistance contributes to skeletal muscle weakness in people with stable COPD.
Methods. Fifty one COPD patients (no exacerbations preceding 6 weeks, no rehabilitation preceding 3 months) without known diabetes mellitus underwent assessment of skeletal muscle, including measurement of quadriceps maximal voluntary contraction (QMVC). Physical activity was measured over 7 days using a multisensory biaxial accelerometer armband. Insulin resistance (HOMA2 IR) was calculated from fasting blood glucose and insulin concentrations.
Results. QMVC was 30±13kg (74±25% predicted) and 16 (31%) participants had quadriceps weakness. There was a negative univariate correlation between HOMA2 IR and QMVC (r=-0.446, p=0.002). HOMA2 IR was greater in people with quadriceps weakness (1.59±0.99) than those without (1.11±0.55, p=0.032). On multivariate analysis, with age, sex, weight, BODE index and step count/ day included in the model, a one unit increase in insulin resistance was associated with a 5.9 (2.0-9.8)kg decrease in QMVC (p=0.004) and a 4.2 (1.3-14.3)-fold increased risk of quadriceps weakness (p=0.02).
Conclusions. Insulin resistance is associated with skeletal muscle weakness in COPD, independent of potential confounders. Further studies are required to explore underlying mechanisms and determine whether insulin-sensitising drugs could augment pulmonary rehabilitation in building skeletal muscle strength in COPD.
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INTRODUCTION
Skeletal muscle weakness, particularly of the lower limbs, is common in people with chronic obstructive pulmonary disease (COPD). Lower limb strength, measured as isometric quadriceps maximal voluntary contraction (QMVC), is reduced by around 30% in COPD patients compared to age- and sex- matched controls1 and around one third of COPD patients have quadriceps weakness.2 Skeletal muscle weakness in COPD predicts reduced exercise performance,3 increased use of healthcare resources,4 impaired health-related quality of life5 and increased mortality,6 independent of severity of airflow obstruction. Quadriceps muscle weakness is incompletely explained by body anthropomorphics and COPD severity.
Insulin resistance, defined as an impaired physiological response of glucose utilisation to a given insulin concentration, is common in COPD. Metabolic syndrome, a clinical indicator of insulin resistance, is found in 21-53% patients with COPD and is 1.3-1.5 times more common in people with COPD than in those with normal lung function.7 Insulin resistance, calculated from fasting blood glucose and insulin concentrations (HOMA IR), is greater in individuals with COPD than in non-smoking matched controls.8 In both younger9 and older adults10 without COPD or diabetes mellitus there is an independent negative association between insulin resistance and quadriceps strength. Although the mechanisms underlying this association are undoubtedly complex, insulin resistance at baseline predicts accelerated decline in skeletal muscle strength over the following 3 years.11 Taken together these findings raise the hypothesis that insulin resistance contributes to development of the skeletal muscle weakness associated with COPD. The aim of our study was to determine whether there is a relationship between insulin resistance and quadriceps weakness in people with stable COPD, independent of potential confounders including age, sex, weight, airflow obstruction, smoking history, physical activity, comorbidities and metabolic syndrome.


METHODS

Study overview

This was a cross-sectional study. All participants gave written informed consent. The study was approved by the National Research Ethics Committee [10/H0721/75] and conducted in accordance with the Declaration of Helsinki.

[bookmark: _Toc356985989]Study population and data collection

Fifty one stable patients with COPD attending secondary care clinics, with no exacerbations or change in medication in the preceding 6 weeks or pulmonary rehabilitation in the preceding 3 months, were recruited. All were >40 years old, had >10 pack year smoking history and FEV1:FVC <70% predicted. Participants were mobile and free from neuromuscular disease that could limit mobility or reduce muscle strength. People with a prior physician-diagnosis of diabetes mellitus requiring treatment were excluded from the study.

Participants underwent assessment of COPD severity, including spirometry, COPD assessment test (CAT), modified Medical Research Council (mMRC) dyspnoea score, and self-reported exacerbation history (worsening of symptoms requiring antibiotic and/or corticosteroid treatment) in the previous year. Oxygen saturations were measured on air. Comorbidities (self-report and medication use) were recorded. Weight and height were measured. Metabolic syndrome was defined according to the joint interim statement of the International Diabetes Federation Task Force on Epidemiology and Prevention.7 Participants were considered to have metabolic syndrome if they had any three of the following [1]: increased waist circumference (males >102 cm, females >88 cm); increased triglycerides (≥1.7 mmol.L-1, or on treatment); reduced HDL cholesterol (≤1.0 mmol.L-1 in men, ≤1.3 mmol.L-1 in women, or on treatment); increased blood pressure (systolic ≥130 mmHg and/or diastolic ≥85 mmHg, or on treatment); raised fasting glucose (>5.5 mmol.L-1, or on treatment).

Muscle studies
Isometric quadriceps maximal voluntary contraction force (QMVC) was measured in the dominant leg. Participants were seated with the knee at 90o flexion and the pelvis and trunk fixed.12 Participants extended their leg as hard as possible against an inextensible strap connected to a load cell (Synectic design Ltd, Lancs. UK). They performed the manoeuvre at least 3 times with 30-60 seconds rest between attempts and the greatest of 3 reproducible measurements was recorded in kg. Quadriceps weakness was defined as patients in whom ((observed QMVC-predicted QMVC)/8.58) was <-1.645.2

Rectus femoris cross-sectional area (RFCSA) was measured by a trained operator using 2D-mode ultrasonography and a 2-5 MHz convex probe (C60) (SonoSite, Washington, USA).13 RFCSA was the average of three consecutive measurements within 10%. QMVC/RFCSA (force/cross sectional area) was used as a measure of muscle quality.

Insulin resistance
Fasting blood glucose and insulin concentrations were measured. The Homeostasis Assessment Model (HOMA) was used to derive a measure of insulin resistance from these measurements. This model is based on the concept of a hepatic-beta cell feedback loop, such that elevated fasting glucose reflects a compensatory mechanism to maintain fasting insulin levels as insulin secretion falls and fasting insulin is elevated in direct proportion to reduced insulin sensitivity.14 The mathematical feedback model based on these hypotheses estimates the degrees of beta function and insulin sensitivity that would equate to the steady state plasma glucose and insulin levels for an individual. A modified model (HOMA2) is available as an online calculator.14 The model derives estimates of steady state beta cell function (%B) and insulin sensitivity (%S), which are expressed as percentages of a normal reference population and adjusted so that values of each in normal young adults are 100%. Insulin resistance (HOMA2 IR) is the reciprocal of %S (100/%S). Values in healthy young adults should approximate 1.0.

Physical activity
Physical activity was measured by a multisensor accelerometer (SenseWear Pro® armband; BodyMedia; Pittsburgh, Pennsylvania) worn on the upper right arm. The device measures step count, duration of activity and energy expenditure and has been validated for use in patients with COPD.15 Data recorded during 6 consecutive days (excluding the days when the monitor was collected and returned) were used to calculate daily step count and physical activity level (PAL= total energy expenditure/resting energy expenditure. Indicative values: extremely inactive <1.4; sedentary 1.4-1.69, moderately active 1.7-1.99).16

Statistical analysis

Data were described as mean with standard deviation or 95% confidence intervals, and proportions, as appropriate. Continuous data were compared using independent t-tests; proportions were compared using Fisher’s exact test. Univariate relationships between quadriceps strength, size and quality, insulin resistance and lung function were explored using partial correlations controlling for age, sex and weight. Factors significantly associated with quadriceps maximal voluntary contraction (QMVC) on univariate analysis were included in multivariate regression analysis with QMVC as the dependent variable and in logistic regression analysis with quadriceps weakness as the dependent variable. All statistical tests were two-sided, with significance set at 0.05, and calculated using IBM SPSS statistics 21. 


RESULTS
Fifty one participants were recruited. Baseline characteristics are shown in table 1.
Skeletal muscle and physical activity
Quadriceps maximal volume contraction (QMVC) was 30±13kg, 74±25% predicted. Sixteen (31%) participants met the criteria for quadriceps weakness. Rectus femoris cross-sectional area (RFCSA) was 476±173mm2, with force per cross sectional area being 0.065±0.022kg/mm2.
Participants managed an incremental shuttle walk distance of 287±187 metres. They walked for 122±59 minutes per day, averaging 3634±2530 steps, with a physical activity level of 1.28±0.25.
Insulin resistance, but not airflow obstruction, is inversely associated with quadriceps strength
As age, sex and body weight have a well-recognised influence on quadriceps strength, partial correlations controlling for these variables were performed. Insulin resistance (HOMA2 IR) was inversely correlated with quadriceps strength (QMVC) (r=-0.446, p=0.002, figure 1). Neither FEV1 % predicted (r=0.198, p=0.187), nor FEV1:FVC (r=0.158, p=0.294) were significantly correlated with QMVC.
There was a non-significant trend to association between insulin resistance (HOMA2-IR) and quadriceps size (RFCSA) (r=-0.275, p=0.064) and force per cross-sectional area (r=-0.289, p=0.051). Neither FEV1 % predicted nor FEV1:FVC were significantly associated with either of these quadriceps characteristics.
Individual relationships between factors considered to have potential to influence quadriceps strength and QMVC were assessed using univariate linear regression (table 2). Age, sex, weight, BODE index, step count/day and physical activity level (PAL) were individually associated with QMVC. On multivariate analysis, with age, sex, weight, BODE index and step count/day included in the model (PAL was excluded because of strong correlation with step count/day), insulin resistance (HOMA2 IR) was independently inversely associated with QMVC (table 2). Each one unit increase in insulin resistance was associated with a 5.9 (2.0-9.8)kg decrease in quadriceps strength (p=0.004).
Patients with quadriceps weakness are more insulin resistant than those without
Characteristics of patients with and without quadriceps weakness are compared in table 3. Patients with quadriceps weakness had significantly greater insulin resistance than those without (figure 2). 
Individual relationships between factors considered to have potential to influence quadriceps strength and the presence or absence of quadriceps weakness were assessed using univariate logistic regression (table 4). Step count/day, BODE index and Charlson index were significantly individually associated with the quadriceps weakness. On multivariate analysis, with step count/day, BODE index and Charlson index included in the model, insulin resistance (HOMA2 IR) was independently inversely associated with quadriceps weakness (table 4). Each one unit increase in insulin resistance was associated with a 4.2 (1.3-14.3)fold increased risk of quadriceps weakness (p=0.02).


DISCUSSION
We have shown that insulin resistance is negatively associated with quadriceps muscle strength in COPD, and that COPD patients categorised as having quadriceps weakness have greater insulin resistance than those without. The relationship between insulin resistance and quadriceps weakness was independent of age, sex and weight as well as other potential confounding variables. Although this cross-sectional study was unable to determine the direction of this relationship, it raises the possibility that insulin resistance could contribute to the development of skeletal muscle weakness in COPD. 
Significance of the findings
Insulin plays a key role in regulating muscle protein metabolism and insulin resistance can alter the balance between protein synthesis and degradation. For example, people with type 2 diabetes mellitus have reduced ability to spare protein after a 60 hour fast18 and reduced net protein balance.18 Insulin stimulates mitochondrial protein synthesis, which is crucial for maintaining mitochondrial functional activity.19 Insulin resistance causes endothelial dysfunction and impaired vasodilation.20 This can slow the increase in microvascular blood flow in skeletal muscle in response to moderate exercise, contributing to exercise limitation.21 Early onset of peripheral neuropathy in people with insulin resistance could also contribute to skeletal muscle impairment.22 Insulin resistance is associated with hyperglycaemia, which has an independent effect on skeletal muscle. In vitro, hyperglycaemia directly activates pathways involved in skeletal muscle atrophy, with activation of caspase 3, degradation of myofibrillar proteins and activation of the ubiquitin–proteasomal degradation pathway.23, 24 In vivo, hyperglycaemia is associated with suppression of muscle protein synthesis and net negative muscle protein balance, which can be reversed by euglycaemia, independent of plasma insulin concentrations.25
The association between insulin resistance and skeletal muscle weakness could be explained by shared aetiologies. Cigarette smoking impairs insulin action and reduces glucose uptake.26 It is associated with reduced skeletal muscle strength, increased fatigability and greater muscle fibre atrophy in smokers without COPD,27 although neither current smoking nor total pack year smoking load determined quadriceps weakness in our patient cohort. Physical inactivity is a well-recognised risk factor for insulin resistance28 and is associated with quadriceps wasting in COPD, even in people with mild airflow obstruction.27 Intermuscular adipose infiltration is common in people with insulin resistance29 or COPD30 and is associated with reduced muscle strength and impaired physical function.29 Intermuscular adipose infiltration may account for our finding that insulin resistance was not associated with reduced quadriceps muscle size. Large, but poor quality, muscles have been described in people with type 2 diabetes mellitus without chronic lung disease. Park and colleagues found that arm and leg muscle mass assessed by dual-energy X-ray absorptiometry was increased in older adults with diabetes, but that strength per unit regional muscle mass was decreased in both upper and lower extremities.31 Longer duration of diabetes and poor glycaemic control were associated with even poorer muscle quality.
An alternative explanation for our findings is the converse hypothesis; specifically that skeletal muscle atrophy in COPD could cause insulin resistance. Under insulin-stimulated conditions, skeletal muscle removes 70-90% of a glucose load.32 Type 1 (oxidative) skeletal muscle fibres have a high mitochondrial profile and capillary density, actively express the glucose transporter GLUT-4 and are very insulin sensitive.32 Type 2d/x (glycolytic) fibres have low mitochondrial content, capillary density and GLUT 4 expression and are relatively insulin resistant.32 In COPD, there is a fibre-type shift from type 1 to type 2x fibres,27 potentially increasing the insulin resistance of skeletal muscle. Additionally, COPD patients have a 28% reduction in GLUT4 protein expression in quadriceps compared to matched controls.33 Despite this, quadriceps glucose uptake and metabolism was found to be at least as great in COPD patients as in matched controls on computed axial and positron emission tomography.34 Interestingly, metabolic and mitochondrial alterations in skeletal muscle, including fibre-type shift, reductions in oxidative capacity, mitochondrial density and peroxisome proliferator-activated receptor gamma coactivator 1, increased mitochondrial DNA oxidative damage and excessive ROS production, are common to both COPD and diabetes mellitus.35
Critique of the Method
To our knowledge, this is the first study to show an association between insulin resistance and skeletal muscle impairment in people with COPD. Few COPD studies include fasting blood samples as part of the protocol, which limits their ability to assess this interesting pathology. However an important limitation of our study is that it was cross-sectional and we are unable to comment on the direction of association.

The tests we used to characterise insulin resistance and skeletal muscle had limitations. HOMA2 IR gives an estimate of insulin resistance useful for group or population studies, but intravenous euglycaemic, hyperinsulinaemic clamp studies would be required for more detailed characterisation of insulin resistance. Although we also assessed the quadriceps size by ultrasound, we assessed contractility as maximal voluntary contraction force, which depends to some extent on volition. Although each patient performed the manoeuvre at least 3 times and the greatest of 3 reproducible measurements was taken, it is possible that this could have underestimated true strength. Ideally we should also have investigated the effect of insulin resistance in upper limb muscles, where reduced physical activity is a less important confounder when assessing weakness. However we were able to adjust our analysis for daily step count and physical activity level, demonstrating that the association between insulin resistance and quadriceps weakness was independent of physical activity.
Summary
Insulin resistance is common in COPD and is associated with quadriceps weakness, independent of age, weight, sex, COPD severity, smoking history, physical activity, comorbidities, as measured by the Charlson Index, and metabolic syndrome. Although the directions of association and underlying mechanisms have not been fully established, this has potential therapeutic implications. If insulin resistance is a contributing mechanism in the development of skeletal muscle weakness, interventions to increase insulin sensitivity have potential to help patients to improve muscle strength. In support of this, 6 months open label treatment with the insulin-sensitising drug metformin increased inspiratory muscle strength, with an associated improvement in dyspnoea and health status in 17 COPD patients with diabetes mellitus.35 Conversely if skeletal muscle abnormalities contribute to the high prevalence of insulin resistance seen in people with COPD, pulmonary rehabilitation could improve the metabolic profile and slow the development of further co-morbidities. Further research is now required to explore insulin resistance as a potential therapeutic target in COPD patients with skeletal muscle weakness.
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Table 1. Baseline characteristics of participants
	Characteristic
	Value

	Number
	51

	Age (years)
	70±8

	Sex
	32 men (63%), 19 women (37%)

	Body mass index (kg/m2)
	24.9±4.6

	Pack year smoking history (years)
	57±41

	Current smokers
	13 (26%)

	Charlson Index (age unadjusted)
	1.35±0.69

	FEV1 (litres)
	1.39±0.64

	FEV1 (% predicted)
	55±20

	FEV1:FVC
	49±13

	GOLD stage (airflow obstruction)
1
2
3
4
	
6 (12%)
24 (47%)
15 (29%)
6 (12%)

	CAT score
	19±8

	mMRC score
	1.7±1.1

	Exacerbations in previous year (n)
	1.7±2.1

	Oxygen saturations (%)
	95.6±3.3

	BODE Index
	3.7±2.7

	Inhaled corticosteroids
	41 (80%)

	Long term oral corticosteroids
	3 (6%)

	Metabolic syndrome
	27 (53%)

	Fasting blood glucose (mmol/L)
	5.6±1.1

	HOMA2 IR
	1.26±0.74


Values are given as mean ± standard deviation or number (percentage) of patients
Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; CAT, COPD assessment test; mMRC score, modified Medical Research Council (UK) scale for dyspnoea; BODE, body mass index, airflow obstruction, dyspnoea and exercise capacity; HOMA2 IR, homeostasis model assessment (2) insulin resistance



Table 3. Univariate and multivariate linear regression to determine the relationship between quadriceps strength (QMVC) and patient characteristics
	
	Univariate analysis
	Multivariate analysis

	Potential confounders
	Regression coefficient (95% CI)
	P value
	Regression coefficient (95% CI)
	P value

	Age
	-0.78
(-1.23 to -0.34)
	<0.001
	-0.63
(-0.97 to -0.30)
	<0.001

	Sex
	13.07
(6.12 to 20.01)
	<0.001
	9.76
(4.36 to 15.16)
	<0.001

	Weight
	0.35
(0.11 to 0.59)
	0.004
	0.32
(0.10 to 0.53)
	0.003

	FEV1 % predicted
	0.17
(-0.02 to 0.36)
	0.076
	
	

	Current smoking
	2.24
(-6.50 to 10.97)
	0.609
	
	

	Pack year smoking history
	0.05
(-0.04 to 0.15)
	0.245
	
	

	Step count/ day
	0.002
(0.001 to 0.004)
	0.002
	0.000
(-0.002 to 0.001)
	0.854

	Physical activity level
	15.99
(0.60 to 31.39)
	0.042
	
	

	BODE Index

	-2.54
(-3.79 to -1.29)
	<0.001
	-1.43
(-2.77 to -0.09)
	0.037

	Exacerbations in previous year
	-0.29
(-2.13 to 1.55)
	0.754
	
	

	Charlson Index
	-2.51
(-8.06 to 3.05)
	0.369
	
	

	Metabolic syndrome
	1.99
(-5.63 to 9.61)
	0.602
	
	

	Use of inhaled corticosteroids
	-1.83
(-11.42 to 7.77)
	0.704
	
	

	Insulin resistance added to multivariate model

	HOMA2 IR
	
	
	-5.87
(-9.78 to -1.96)
	0.004


Model R square =0.658
Factors considered to have potential to influence quadriceps strength based on biological plausibility were identified. Univariate linear regression was used to identify factors individually associated with quadriceps maximal voluntary contraction (QMVC) for inclusion in multivariate linear regression analysis. Where two explanatory variables were highly correlated with one another (step count/day with physical activity level), the one with the stronger relationship with the dependent variable was taken forward to the multivariate analysis.
Abbreviations: CI, confidence intervals; HOMA2 IR, homeostasis model assessment (2) insulin resistance; FEV1, forced expiratory volume in one second; BODE, body mass index, airflow obstruction, dyspnoea and exercise capacity

Table 3. Characteristics of patients with and without quadriceps weakness
	
	Quadriceps weakness
	No quadriceps weakness
	P value

	Number
	16
	35
	

	Age (years)
	73±8
	69±8
	0.157

	Sex (% women)
	7 (44%)
	12 (34%)
	0.365

	Weight (kg)
	73±17
	70±14
	0.593

	FEV1 (% predicted)
	50±21
	57±19
	0.214

	Current smokers
	1 (6%)
	12 (34%)
	0.031

	Smoking history
(pack years)
	51±32
	61±44
	0.417

	Step count/day
	2495±1794
	4136±2664
	0.035

	Physical activity level
	1.16±0.35
	1.32±0.18
	0.036

	BODE Index
	5.4±2.4
	2.9±2.4
	0.001

	Number of exacerbations in previous year
	1.1±2.2
	2.0±2.0
	0.139

	Charlson Index
	1.69±0.95
	1.20±0.47
	0.017

	Metabolic syndrome
	9 (56%)
	18 (51%)
	0.494

	Use of inhaled corticosteroids
	12 (75%)
	29 (83%)
	0.381



Values are given as mean ± standard deviation or number (percentage) of patients and compared using independent t tests or Fisher’s exact test respectively. P<0.05 was considered significant (indicated in bold).
Abbreviations: FEV1, forced expiratory volume in one second; BODE, body mass index, airflow obstruction, dyspnoea and exercise capacity



Table 4. Univariate and multivariate logistic regression to determine the relationship between the presence or absence of quadriceps weakness and patient characteristics
	
	Univariate analysis
	Multivariate analysis

	Potential confounders
	Odds ratio
(95% CI)
	P value
	Odds ratio
(95% CI)
	P value

	Age
	1.06
(0.98 to 1.15)
	0.158
	
	

	Sex
	0.67
(0.20 to 2.25)
	0.518
	
	

	Weight
	1.01
(0.97 to 1.05)
	0.585
	
	

	FEV1 % predicted
	0.98
(0.95 to 1.01)
	0.212
	
	

	Current smoking
	0.13
(0.02 to 1.09)
	0.060
	
	

	Pack year smoking history
	0.99
(0.98 to 1.01)
	0.416
	
	

	Step count/ day
	1.000
(0.999 to 1.000)
	0.042
	1.000
(0.999 to 1.001)
	0.913

	Physical activity level
	0.036
(0.00 to 1.72)
	0.092
	
	

	BODE Index

	1.53
(1.15 to 2.03)
	0.003
	1.82
(1.05 to 3.17)
	0.014

	Exacerbations in previous year
	0.76
(0.53 to 1.10)
	0.149
	
	

	Charlson Index
	2.81
(1.09 to 7.28)
	0.033
	8.17
(1.52 to 43.93)
	0.014

	Metabolic syndrome
	1.21
(0.37 to 3.99)
	0.749
	
	

	Use of inhaled corticosteroids
	0.62
(0.15 to 2.60)
	0.514
	
	

	Insulin resistance added to multivariable model

	HOMA2 IR
	
	
	4.24
(1.26 to 14.29)
	0.020


Model R square = 0.406 (Cox & Snell) or 0.573 (Nagelkerke)
Results of binary logistic regression analyses are shown. The odds ratio (Exp (B)) indicates the change in likelihood of quadriceps weakness per unit change of each co-variable indicated. Sex difference represents males compared to females, metabolic syndrome represents those with compared to those without metabolic syndrome. P values <0.05 indicate statistically independent determinants of quadriceps weakness in the regression equation (indicated in bold).
Abbreviations: HOMA2 IR, homeostasis model assessment (2) insulin resistance; FEV1, forced expiratory volume in one second; BODE, body mass index, airflow obstruction, dyspnoea and exercise capacity


FIGURE LEGENDS
Figure 1. Insulin resistance is inversely associated with quadriceps strength
[image: ]
Regression plot, demonstrating the relationship between insulin resistance (HOMA2 IR) and quadriceps maximal voluntary contraction (QMVC, expressed as percentage body weight). Open circles and the dotted regression line represent men, filled circles and the continuous regression line represent women. HOMA2 IR was negatively correlated with QMVC after adjustment for age, sex and body weight (r=-0.446, p=0.002).


Figure 2. Insulin resistance is significantly greater in COPD patients with quadriceps weakness than in those without
[bookmark: _GoBack][image: ]

Dots indicate values for individual participants, bars indicate the mean value for the group. *p=0.032 (independent t test)
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