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Abstract 

 

Endothelial vascular function and capacity to increase cardiac output during exercise are impaired in 

patients with type 2 diabetes (T2DM). We tested the hypothesis that also their increase in cerebral 

blood flow (CBF) during exercise is blunted and, therefore, that cerebral oxygenation becomes 

affected and perceived exertion increased. We quantified cerebrovascular and systemic 

hemodynamic responses to incremental ergometer cycling exercise in 8 male T2DM and 7 control 

subjects. CBF was assessed from the Fick equation and by transcranial Doppler-determined blood 

flow velocity. Cerebral oxygenation and metabolism were evaluated from the arterial-to-venous 

differences for oxygen, glucose, and lactate. During exercise heart rate and blood pressure were 

comparable among the two groups of subjects. However, the T2DM patients displayed a lower arterial 

carbon dioxide tension at higher workloads and their work capacity and increase in cardiac output 

were only ~80% of that established in the control subjects. In the T2DM patients, CBF and cerebral 

oxygenation were reduced during exercise (P<0.05) and they expressed a high rating of perceived 

exertion (P<0.05). In contrast CBF increased ~20% during exercise in the control group while brain 

uptake of lactate and glucose was similar among the two groups. In conclusion, impaired CBF and 

oxygenation may relate to limited ability to increase cardiac output and reduced vasodilatory capacity 

and could contribute to increased perceived exertion in T2DM patients. In turn, increased perceived 

exertion in T2DM patients represents a barrier to initiatives aimed at increasing their physical activity. 
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Introduction 

 

Cerebral blood flow (CBF) is critical for maintaining oxygen and substrate supply to the brain. CBF 

homeostasis is secured by several mechanisms, of which the partial pressure of arterial carbon 

dioxide (PaCO2), mean arterial pressure (MAP), and cerebral metabolism are the most important.
195

 

Also cardiac output (CO) may influence CBF during exercise
179,181,196

 of potential importance for 

patients with type 2 diabetes (T2DM) demonstrating affected cardiac hemodynamics with a low stroke 

volume (SV).
197,198

  

 Cerebral activation associated with exercise increases CBF and cerebral oxygenation.
179,199,200

 

This increase seems important since brain function deteriorates when its oxygenation is reduced and 

reduced cerebral oxygenation could play a role in the development of central fatigue with reduced 

motor drive to working muscles.
70,85,201,202

 Thus, CBF is reduced towards baseline by hyperventilation-

induced reduction in PaCO2 during intense exercise despite a progressive increase in cerebral 

metabolic rate for oxygen (CMRO2).
179,203

 

 T2DM patients are affected by impaired vasodilatory capacity for both the systemic and cerebral 

vasculature, manifested by reduced cerebral CO2 responsiveness and flow-mediated dilatation 

attributed to reduced nitric oxide (NO) bioavailability.
158,204

 Even in healthy subjects exposed to 

hyperglycemia the cerebrovascular conductance response to exercise becomes attenuated.
146

 There 

are therefore several reasons why T2DM patients may be unable to increase CBF and cerebral 

oxygenation during exercise.  

 To examine the hypothesis that the increase in CBF and cerebral oxygenation may be blunted in 

T2DM patients, we compared the cerebrovascular responses to progressive exercise in middle-aged 

physically active male T2DM patients and in age-matched control subjects. We assessed CBF, 

CMRO2, and the cerebral uptake of glucose and lactate from arterial-to-venous differences across the 

brain. Furthermore, to express cerebral oxygenation, we calculated changes in brain capillary O2 

saturation (ScapO2), brain capillary O2 tension (PcapO2), and brain mitochondrial O2 tension 

(PMitoO2),
73,205,206

 and considered that reduced cerebral oxygenation would be associated with a high 

rate of perceived exertion (RPE). 

 

 

Methods 

 

Ethical Approval 

Fully informed, written consent was obtained from 8 middle-aged (61±4 yrs, mean±SD) physically 

active T2DM male patients and 7 age- and body mass index matched healthy subjects (56±9 yrs) 

(Table 1) recruited by advertisement as approved by the local ethics committee (KF 01-090/01) in 

accordance with the Declaration of Helsinki.  
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Participants 

The T2DM patients were diagnosed according to WHO criteria and were treated with insulin and/or 

oral antidiabetic agents. Exclusion criteria were manifestations of cardiovascular disease including 

transient ischemic attacks, stroke, heart failure, uncontrolled hypertension (blood pressure [BP] 

>160/100 mm Hg), cardiovascular autonomic neuropathy, smoking, poor metabolic control (glycated 

hemoglobin [HbA1c] >9.5%), and treatment with β-receptor adrenergic blocking agents.  

 

Experimental design 

The subjects were requested to abstain from caffeinated beverages for 12 hours prior to reporting to 

the laboratory at 8:00 am after overnight fast. In a slightly head-down position and under local 

anaesthesia (lidocaine, 2%), a catheter (1.6 mm; 14 gauge; ES-04706, Arrow International, PA) was 

inserted retrograde in the right internal jugular vein guided by ultrasound and the catheter tip was 

advanced to the bulb of the vein. Blood obtained from this position was considered to represent the 

outlet of the brain with, potentially, a small contribution from cerebrospinal fluid drained through the 

sagittal sinus. A second catheter (1.1 mm; 20 gauge) was inserted in the brachial artery of the 

nondominant arm. The catheter lumens were flushed (3 ml·h
-1

 isotonic saline) and arterial pressure 

was measured with a transducer (Edwards Lifesciences, Irvine, CA) zeroed at the level of the right 

atrium in the mid-axillary line and connected to a pressure monitoring system (Dialogue 2000, 

Copenhagen, Denmark). After catheterization, the subjects rested for 1 hour to offset influence of 

“arousal” and nociceptive stimuli on cerebral metabolism. The subjects carried out incremental 

ergometer cycling exercise (Ergomedic 874E; Monarch, Stockholm, Sweden) with each workload 

lasting 5 min separated by 5 min of recovery. Exercise started at 60 W and was increased by 30 W 

until exhaustion, i.e. inability to maintain a pedaling rate of 60 rpm despite verbal encouragement. 

 

Systemic and cerebral hemodynamics  

Left ventricular SV was assessed from the intra-arterial BP waveform (BeatScope 1.0 software; 

BMEye, Amsterdam, The Netherlands).
207

 The CO was SV times heart rate, cardiac index was the 

ratio between CO and body surface area (BSA), and systemic vascular conductance index was the 

ratio between CO and MAP adjusted to BSA.  

CBF was derived by Fick’s principle (∆CBFFICK) from the arterio-jugular venous O2 difference and 

CMRO2 assuming that CMRO2 was unchanged during ergometer cycling.
208

 Thus, ∆CBFFICK was 

derived as [ ])OCOC(*CBFCMRO
2v2aFick2

−∆=
209

 with arterial and jugular venous samples 

obtained simultaneously at rest and in the last minute of each workload and the samples were 

analyzed immediately using an ABL 725 apparatus (Radiometer, Copenhagen, Denmark). Changes in 

the middle cerebral artery (MCA) were followed beat-to-beat as the mean blood flow velocity (Vmean) 

by transcranial Doppler ultrasound. The cerebrovascular conductance index (CVCi) was the ratio 

between MCA Vmean and MAP
83

 adjusted to BSA and cerebral oxygen extraction ratio was (CaO2-

CvO2)/CaO2. 
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Cerebral oxygenation variables 

The ScapO2 was calculated as  
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where SaO2 is the arterial O2 saturation, and SvO2 the internal jugular venous O2 saturation.
73,202,206

  

With the assumption that capillary recruitment does not manifest within the brain, PcapO2 is  
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where 
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P
50  is the capillary PO2 when hemoglobin is half saturated and ha is the Hill coefficient for 

arterial blood. The 
Hb
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50  was estimated as the average of arterial and venous P50 (ABL 725 

Radiometer) and ha was calculated as  
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The PMitoO2 depends on the balance between the brain’s O2 supply, O2 extraction and O2 conductance 

from the capillary to the mitochondria (L). PMitoO2 is determined from PcapO2, CMRO2, and oxygen 

diffusability (L) as  

                                                      L

CMRO
OPOP capMito

2

22
−=

 

 

In the second approach CMRO2 was derived from the cerebral arterio-venous difference for O2 with 

the resting global CBF adjusted according to changes in MCA Vmean. L has been calculated to 4.4 

µmol·100 g
-1

·min
-1

·mm Hg
-1

.
73

  

  

Cerebrovascular autoregulation and cardiovascular autonomic function  

Prior to cycling exercise the subjects underwent evaluation of dynamic cerebrovascular autoregulation 

(CA) and cardiovascular autonomic function. For dynamic CA please see the Methods section 

(Chapter 2). Parasympathetic control of the heart was quantified by forced respiratory sinus 

arrhythmia and the heart rate response to standing up, while sympathetic cardiovascular control was 

assessed by monitoring the BP responses.
210
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Data analysis 

Signals were A/D converted at 200 Hz and stored on hard disk for off-line analysis with beat-to-beat values 

for MCA Vmean and MAP derived as the integral over one beat divided by the corresponding beat interval. 

Values were expressed as 30 s averages over the last minute at each workload when the subjects 

reported their RPE. Data are presented as mean (±SD). Differences between groups were identified by 

unpaired Student t-test when data fitted a normal distribution, while a Mann-Whitney rank sum test was 

applied when data were not normally distributed. Differences between groups (diabetes vs. control) and 

workloads where evaluated by Two-way repeated measures ANOVA. A post hoc Bonferroni analysis was 

applied for multiple comparisons, when a statistically significant deviation (P<0.05) was detected.  

 

Table 1.   Group characteristics  

Characteristics Control Diabetes 

   Age (y) 56 ± 9 61 ± 4 

Body mass index (kg/m
2
) 27.5 ± 3.3 29.8 ± 5.8 

Waist circumference (cm) 97 ± 13 105 ± 21 

History of hypertension (n) 2   6   

Systolic blood pressure (mm Hg) 

Diastolic blood pressure (mm Hg) 

133 

72 

± 

± 

16 

12 

131 

69 

± 

± 

16 

11 

Duration of diabetes (y) -   8 ± 5 

Microvascular complication: 

Retinopathy 

Nephropathy 

Polyneuropathy (sensorimotor) 

 

0 

0 

0 

   

0 

0 

0 

  

Oral hypoglycemic agents 

Insulin 

0 

0 

  7 

2 

  

Plasma glucose (mmol/L) 6.1 ± 0.1 7.5 ± 1.2** 

HbA1c (% Hb)  5.4 ± 0.3 6.9 ± 0.9** 

Antihypertensive drugs: 

   Angiotensin converting enzyme inhibitor 

   Diuretic 

   Angiotensin II receptor antagonist 

   β blocker 

   Calcium channel blocker 

 
1 

1 

0 

0 

0 

   
3 

4 

5 

0 

3 

  

Baseline hemodynamic parameters 

   Mean arterial pressure (mm Hg) 

   Heart rate (bpm) 

   Stroke volume (ml) 

   Cardiac output (L·min
-1
)  

   Cardiac index (L·min
-1
·m

2
) 

   Systemic vascular conductance (ml·min
-1
·mm Hg

-1
) 

   Systemic vascular conductance index (ml·min
-1
·mm Hg

-1
·m

2
) 

   Cerebral vascular conductance (cm·s
-1
·mm Hg

-1
) 

   Cerebral vascular conductance index (cm·s
-1
·mm Hg

-1
·m

2
) 

   MCA Vmean (cm·s
-1
) 

 

79 

74 

79 

5.7 

2.69 

55 

26 

0.53 

0.25 

41 

 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

 

9 

12 

14 

0.9 

0.55 

8 

5 

0.13 

0.06 

7 

 

79 

76 

83 

6.1 

2.96 

61 

30 

0.52 

0.26 

41 

 

± 

± 

± 

± 

± 

± 

± 

± 

± 

± 

 

13 

9 

24 

2.3 

1.05 

23 

10 

0.12 

0.08 

7 

HbA1c, glycated hemoglobin; MCA Vmean, mean middle cerebral artery blood velocity.  
** P<0.01 vs. control. Data are mean ± SD for n=7 (control) vs. n=8 (diabetes).  
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Results 

 

Subject characteristics  

Baseline subject characteristics were similar between the two groups except for plasma glucose 

(P<0.01) and HbA1c (P<0.01) and cerebrovascular and systemic cardiovascular variables did not differ 

(Table 1). Also resting arterial blood gas variables, net brain arterio-venous differences for O2, 

glucose and lactate, as well as O2 extraction ratio, and brain capillary oxygenation (ScapO2 and PcapO2) 

were comparable between patients and controls (Table 2). For none of the subjects were more than 

two abnormal results identified in regard to forced respiratory sinus arrhythmia and standing and the 

subjects were thereby not considered to suffer from cardiovascular autonomic neuropathy. Variability 

of MAP and MCA Vmean were comparable among groups, as were phase and gain of the MAP - MCA 

Vmean transfer function, indicating no difference in dynamic CA capacity between the controls and 

T2DM patients. 

 

 

Figure 1. Heart rate, mean arterial pressure, stroke volume, cardiac output, systemic vascular 

conductance and rating of perceived exertion from rest to maximal exercise in type 2 diabetic patients 

(closed circles) vs. control subjects (open circles). † P<0.05 vs. rest; ‡ P<0.01 vs. rest; * P<0.05 vs. 

control; ** P<0.01 vs. control. Values are mean ± SD for n=7 (control) vs. n=8 (diabetes).  



 

 

Table 2.  Arterial blood gas, metabolic variables and brain oxygenation at rest and during exercise 

 Group Rest Ex 60 Ex 90 Ex 120 Ex 150 Max 

Arterial blood                    

pH 
Control 7.42 ± 0.03 7.40 ± 0.03 7.40 ± 0.03 7.39 ± 0.04† 7.37 ± 0.05† 7.35 ± 0.06† 

Diabetes 7.42 ± 0.02 7.40 ± 0.03† 7.40 ± 0.02† 7.39 ± 0.03‡ 7.38 ± 0.03‡ 7.36 ± 0.04‡ 

                    

PaO2 (kPa) 
Control 13.0 ± 1.0 13.2 ± 0.8 13.1 ± 0.7 12.5 ± 0.6 12.6 ± 0.9 13.0 ± 0.9 

Diabetes 12.1 ± 1.1 12.7 ± 1.2 13.0 ± 1.0† 13.1 ± 1.5† 13.2 ± 1.2‡ 13.0 ± 1.8 

                    

PaCO2 (kPa) 
Control 5.1 ± 0.4 5.3 ± 0.4 5.2 ± 0.4 5.0 ± 0.4 4.7 ± 0.4 4.0 ± 0.3‡ 

Diabetes 5.1 ± 0.4 5.2 ± 0.5 5.0 ± 0.5 4.6 ± 0.6‡ 4.2 ± 0.7‡ 3.9 ± 0.5‡ 

                    

SO2 (%) 
Control 97.9 ± 0.5 97.9 ± 0.7 97.8 ± 0.6 97.5 ± 0.4 97.5 ± 0.5 97.4 ± 0.9 

Diabetes 97.5 ± 0.7 97.8 ± 0.7 97.9 ± 0.7 98.0 ± 0.8 97.8 ± 0.8 97.5 ± 1.4 

                                        
Brain A-V difference                    

O2 (mmol/L) 
Control 2.8 ± 0.7 2.5 ± 0.6 2.5 ± 0.7 2.6 ± 1.0 2.9 ± 0.9 3.5 ± 0.6† 

Diabetes 3.2 ± 0.7 3.0 ± 0.9 3.4 ± 1.0 3.8 ± 1.2† 4.4 ± 1.3‡* 4.8 ± 1.1‡* 

                    

glucose (mmol/L)  
Control 0.5 ± 0.2 0.4 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.7 ± 0.2† 

Diabetes 0.6 ± 0.2 0.6 ± 0.2* 0.7 ± 0.1 0.8 ± 0.2† 0.8 ± 0.1†* 1.0 ± 0.8 

                    

lactate (mmol/L) 
Control 0.0 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 0.4 ± 0.2‡ 0.6 ± 0.2‡ 1.0 ± 0.5† 

Diabetes 0.0 ± 0.1 0.1 ± 0.2 0.1 ± 0.4 0.5 ± 0.6‡ 0.6 ± 0.5‡ 1.4 ± 1.9† 

                    

O2 extraction ratio 
Control 0.31 ± 0.10 0.29 ± 0.12 0.29 ± 0.13 0.31 ± 0.15 0.33 ± 0.15 0.42 ± 0.10 

Diabetes 0.35 ± 0.07 0.34 ± 0.06 0.36 ± 0.10 0.40 ± 0.12 0.47 ± 0.10‡* 0.49 ± 0.10‡ 

                                        
Brain capillary oxygenation                    

ScapO2 (%) 
Control 82 ± 7 83 ± 6 83 ± 6 81 ± 7 80 ± 7 77 ± 5† 

Diabetes 80 ± 3 82 ± 4 80 ± 4 78 ± 5† 76 ± 6† 75 ± 5‡ 

                    

PcapO2 (mm Hg) 
Control 46 ± 8 47 ± 7 46 ± 8 46 ± 10 44 ± 9 40 ± 3† 

Diabetes 43 ± 3 45 ± 4 43 ± 4 41 ± 4 39 ± 4† 38 ± 3‡ 

                                        

PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; SO2, hemoglobin oxygen saturation; A-V difference, arterio-jugular venous difference; ScapO2, brain 
capillary oxygen saturation; PcapO2, brain capillary oxygen tension. † P<0.05 vs. rest, ‡ P<0.01 vs. rest, * P<0.05 vs. control, ** P<0.01 vs. control. Values are mean ± SD 
for n=7 (control) vs. n=8 (diabetes). 
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Hemodynamics 

At the same relative workload, exercise induced a comparable increase in MAP and heart rate in the 

two groups of subjects but in the T2DM patients, the increase in SV and CO and thus systemic 

vascular conductance was attenuated by 20% and matched by a 20% lower maximal workload 

(169±32 vs. 214±36 W; P<0.05) and their RPE was higher for workloads > 120 W (Figure 1; P<0.05). 

Also in the T2DM patients, arterial lactate was higher for a given workload to reach the same level as 

in the control subjects during maximal exercise (Figure 2).   

 

 

 

Cerebral perfusion and oxygenation 

CBFFick and MCA Vmean increased with exercise intensity in the control group (Figure 3), but an early 

decline was observed in the patients with a reduction in CVCi (P<0.01 vs. controls) and cerebral O2 

extraction became higher (Table 2; P<0.05 vs. controls from 150 W). CMRO2 increased ~30% at the 

highest work intensities in both groups of subjects which, together with the lower cerebral perfusion in 

the patients reduced ScapO2  and PcapO2  with a consequent ~15% reduction in PMitoO2 (P<0.05).  

 

Cerebral metabolism  

During intense exercise the increase in the arterio-venous lactate difference across the brain, the 

cumulated cerebral glucose and lactate uptake rate, and the calculated brain carbohydrate to O2 

uptake balances were comparable between groups (Figure 4).  

Figure 2. Individual arterial lactate responses to exercise in type 2 diabetic patients (gray circles) 

vs. control subjects (white circles) for absolute and relative workloads. Black circles: mean ± SD 

for n=7 (control) vs. n=8 (diabetes). 
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Discussion 

 

The novel findings of this study were threefold. Firstly, male patients with T2DM without symptomatic 

cardiovascular disease exhibited a reduction in cerebral perfusion and oxygenation during incremental 

exercise compared with nondiabetic matched controls. The blunted CBF was associated with an 

Figure 3. Cerebral blood flow derived by Fick’s principle from inverse arterio-jugular venous oxygen 

difference (CBFFick), middle cerebral artery mean flow velocity (MCA Vmean), cerebrovascular conductance 

index (CVCi), brain capillary oxygen tension (PcapO2) and saturation (ScapO2), and cerebral mitochondrial O2 

tension (PMitoO2) responses during exercise in type 2 diabetic patients (closed circles) vs. control subjects 

(open circles). † P<0.05 vs. rest; ‡ P<0.01 vs. rest; * P<0.05 vs. control; ** P<0.01 vs. control. Values are 

mean ± SD for n=7 (control) vs. n=8 (diabetes). 
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attenuated increase in cerebral and systemic vascular conductance. Secondly, cerebral oxygenation 

reached its lowest level at exhaustion at a 20% lower workload in the T2DM patients and they 

expressed a higher level of RPE than the healthy controls. Finally, CMRO2 and cerebral uptake of 

carbohydrate were maintained in the T2DM patients despite the blunted increase in cerebral perfusion 

during exercise. Accordingly, early reduction in cerebral capillary oxygenation and PMitoO2, rather than 

deranged brain metabolism could represent a limiting factor for T2DM patients’ exercise capacity.  

 

Blunted increase in cerebral blood flow  

Normative aging is associated with reductions in global and regional resting CBF, and in cerebral 

metabolism with a ~15% reduction in gray matter flow between the 3rd and 5th decade.166,167 The 

systemic 211 and cerebral 212 vascular conductance response to exercise is mitigated with aging and 

our current results suggest that the increase in CBF during exercise is even lower in T2DM patients.  

 Both healthy subjects and patients with heart failure provide direct and indirect evidence for that 

CBF is under influence of sympathetic activity.13,78,213,214 The T2DM patients demonstrated no signs of 

cardiovascular autonomic neuropathy and their dynamic CA capacity was not affected. 

 With the exercise-induced hyperbolic increase in ventilation at high work rates and therefore 

reduction in PaCO2, cerebral perfusion and oxygenation decreased in both groups of subjects. This 

may have contributed to limit cerebral perfusion at the higher workloads (120 and 150 W). The healthy 

control subjects demonstrated an increase in cerebral perfusion at low workloads. In contrast, in the 

patients a reduction in brain perfusion was observed even at the first two levels of exercise (60 and 

90 W) for which PaCO2 was comparable among the two groups of subjects.  

 T2DM patients demonstrate impaired endothelium-dependent vasodilatation with attenuated 

increase in limb blood flow during exercise.204,215 In healthy subjects, hyperglycemia is associated with 

reduced glycocalyx volume and impaired endothelium-dependent flow-mediated dilatation due to 

reduced NO availability 216 and cerebrovascular conductance is attenuated during exercise.146 

Furthermore, cerebral vasodilatory ability is impaired in T2DM, reflected by affected CO2 

responsiveness 158 and associated with endothelial dysfunction,217 even without overt microvascular 

complications,218 which also may have contributed to the blunted increase in CBF during exercise.  

 Consideration must be given to the variable effects on CBF of different antihypertensive agents. 

The cerebral circulation has angiotensin receptors that may account for the improved CBF and 

favorable autoregulatory responses in hypertensive patients treated with ACE inhibitors and 

angiotensin receptor blockers. Also, calcium channel blockers increase CBF and are used to treat 

cerebral vasospasms after subarachnoid hemorrhage. Beta blockade blunts the CO response to 

exercise,20,219 but the use of beta blockers was considered as an exclusion criterion. Thus, any effect 

of antihypertensive agents during exercise should lead to augmenting CBF and yet more subjects in 

the diabetic group were on antihypertensive medication, discounting the role of antihypertensive drugs 

as a potential confounder. Although we consider it unlikely that the changes in CO and CBF 

documented in the T2DM patients in this study are due to the small differences in use of medications, 

it is important to note that the T2DM patients included in this study were selected among the 

healthiest segment of the T2DM population without any clinical signs of micro- or macrovascular  
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complications. Accordingly, there are reasons to believe that the changes documented in this study if 

anything may be even more pronounced in T2DM patients with a more severe burden of 

complications and use of medications.       

 CO is important for cerebral perfusion during exercise, independently of arterial pressure.20,78,85, 

179,181 For example, the increase in CO during exercise is attenuated following administration of a β-

adrenergic blocking agent and also the increase in cerebral perfusion is reduced to about half of the 

Figure 4. Brain cumulated 

uptake rates of glucose 

and lactate, and the total 

carbohydrate uptake 

balance (glucose + 

½lactate – 1/6O2) during 

exercise in type 2 diabetic 

patients (closed circles) 

vs. control subjects (open 

circles). † P<0.05 vs. rest; 

‡ P<0.01 vs. rest. Values 

are mean ± SD for n=7 

(control) vs. n=8 

(diabetes). 
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normal response.20,219 Similarly, in patients with cardiac insufficiency, there is a direct relationship 

between the ability to increase CO and cerebral perfusion during exercise.21 In patients with severe 

heart failure CBF is reversibly reduced, substantiated by a significant increase in CBF after heart 

transplantation.220 We consider that the reduced increase in CO in the T2DM patients in response to 

exercise may be a consequence of their cardiac dysfunction 198,221 and potentially a result of impaired 

myocardial muscle energy metabolism,44 as well as an attenuated increase in skeletal muscle blood 

flow.222 Tight coupling between CO and O2 uptake is supported by the 20% lower CO and work 

capacity in the patients and higher blood lactate levels at any given workload. This study conforms to 

data demonstrating a reduced capacity to increase cardiac performance during exercise in T2DM 

patients.197,223 Due to a limited potential for capillary recruitment within the brain,200 enhanced O2 

supply depends on the capacity to increase CBF. Accordingly, limited exercise capacity in T2DM 

patients may be attributed to their inability to increase cerebrovascular vascular conductance, which in 

turn could be a consequence of their limitation in cardiac performance.  

 Type 2 diabetes is associated with a markedly increased cardiovascular morbidity and 

mortality.224 However, in contrast to the general belief that heart disease may be a consequence or 

complication of diabetes, there is growing evidence of the reverse scenario; i.e. that heart failure - and 

thus reduced CO – may be a significant risk factor preceding and precipitating the development of 

overt T2DM.225,226 The mechanism(s) responsible for this association is yet unidentified, but may 

include insulin resistance due to impaired peripheral blood flow, sympathetic activation, subclinical 

inflammation, and/or perhaps physical inactivity as a result of reduced cerebral oxygenation during 

exercise as shown in this study. 

 

Cerebral oxygenation and fatigue 

PmitoO2 is a global estimate of cerebral oxygenation and a reduction by more than ~5 mm Hg is 

associated with elevated cerebral lactate production and reduced work capacity.73,227 With a reduction 

in cerebral perfusion and an increase in CMRO2 during intense exercise 219 PMitoO2 declines. A 

mismatch between neuronal activity and O2 delivery during exercise and the accompanying drop in 

cerebral oxygenation reflected in PMitoO2 may affect activation of exercising skeletal muscles, i.e. 

induce so-called central fatigue.73,179,202,227,228 Exhaustive exercise provokes cerebral deoxygenation 

and indices of supraspinal fatigue similar to what is observed during exercise in hypoxia,229-231 

indicating that reduced cerebral oxygenation is important for the development of fatigue.73,202 In the 

T2DM patients included in this study, cerebral oxygenation declined together with cerebral perfusion 

in the early stages of exercise. The finding that cerebral oxygenation reached its lowest level at 

exhaustion supports that cerebral oxygenation is a critical factor for dynamic exercise.179,202 However, 

the extent to which the low level of cerebral oxygenation at exhaustion provokes fatigue remains 

debated.232-234 

 

Cerebral metabolism  

The coupling between cerebral perfusion and metabolic demand becomes altered during 

somatosensory stimulation.235 The brain uptake rate for glucose and lactate was comparable among 
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groups, indicating that the blunted CBF response in T2DM patients did not affect the brain’s non-

oxidative carbohydrate consumption. No single cause of fatigue has been identified and fatigue is, 

therefore, considered to be multifactorial with a focus on skeletal muscle abnormalities. For instance 

T2DM skeletal muscle demonstrates a transient imbalance of muscle O2 delivery relative to O2 uptake 

after onset of exercise attributed to impaired vasodilatation.236 The increase in plasma lactate during 

exercise for a given workload was larger in the patients with T2DM which together with their high RPE 

conform to a low work capacity. Yet, for subjects with T2DM especially blood lactate may reflect the 

hepato-splanchnic lactate elimination rate affected by metformin. 

 

Methodological considerations 

Given the inherent limitations associated with employing brain-imaging techniques during vigorous 

dynamic exercise, we used arterial-to-internal jugular venous differences to assess cerebral perfusion 

and oxygenation in T2DM patients and nondiabetic controls. The subjects were not screened for 

coronary artery disease but performed maximal exercise without symptoms of cardiac ischemia. 

During incremental exercise RPE was higher in the patients who were ~5 years older with a slightly 

higher body mass index, but there was no relation between the cerebrovascular response and age or 

body mass index. Despite the small sample size due to the invasive nature of this study, the 

differences in hemodynamic response was quantitatively large (~20%).  

 

Conclusion  

The present findings demonstrate an attenuated increase in cerebrovascular conductance during 

exercise in type 2 diabetic patients with a reduction in CBF and brain oxygenation but maintained 

CMRO2 and uptake of carbohydrate. Physical activity is a key element in the prevention and 

management of T2DM, but many patients are not physically active maybe due to fatigue. The data 

suggest that in T2DM inability of the cerebral vasculature to vasodilate interferes with the exercise-

induced increase in CBF and brain oxygenation, potentially provoking a central limitation to physical 

activity related to reduced capability to increase cardiac output.  


