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Abstract
Background
Central hemodynamics help to maintain appropriate cerebral and other end-organ perfusion, and may be altered with ageing and type 2 diabetes mellitus (T2DM). We aimed to determine the associations between central hemodynamics and brain structure at rest and during exercise in people with and without T2DM.

Methods
In a sample of people with T2DM and healthy controls, resting and exercise measures of aortic reservoir characteristics (including excess pressure integral [Pexcess]) and other central hemodynamics (including augmentation index [AIx] and aortic pulse wave velocity [aPWV]) were recorded. Brain volumes (including gray matter volume [GMV] and white matter lesions [WML]) were derived from magnetic resonance imaging (MRI) scans. Multivariable linear regression was used to study the associations of hemodynamic variables with brain structure in the two groups adjusting for age, sex, daytime systolic BP (SBP) and heart rate.

Results
There were 37 T2DM (63 ± 9 years; 47% male) and 37 healthy individuals (52 ± 8 years; 51% male). In T2DM, resting aPWV was inversely associated with GMV (standardized β = -0.47, p = 0.036). In healthy participants, resting Pexcess was inversely associated with GMV (β = -0.23, p = 0.043) and AIx was associated with WML volume (β = 0.52, p = 0.021). There were no associations between exercise hemodynamics and brain volumes in either group.

Conclusions
Brain atrophy is associated with resting aortic stiffness in T2DM, and resting Pexcess in healthy individuals. Central vascular mechanisms underlying structural brain changes may differ between healthy individuals and T2DM.
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Background
Type 2 diabetes mellitus (T2DM) is an important vascular risk factor for cognitive impairment. It is associated with brain atrophy [1], infarcts and cerebrovascular lesions (white matter hyperintensity of presumed vascular origin [WML]) [2], potentially leading to cognitive decline and greater risk for dementia. Age-related vascular factors such as hypertension and aortic stiffening are more prevalent in patients with T2DM [3] and may partly explain the associated structural brain abnormalities [4]-[6]. Aortic stiffening can limit buffering capacity of the large central arteries such that small changes in cardiac stroke volume can result in excessive rises in local pulsatile pressure [7]. These excess pressures may damage peripheral capillary networks [8], which is of relevance to the brain as a high flow organ with low resistance proximal large vessels and an extensive microcirculation. Consequent damage to the neurovascular unit may be a factor underlying the observed brain atrophy in T2DM.
Aortic reservoir function plays a role in the maintenance of normal central BP and may protect distal microcirculation by dampening excessive aortic pulsatile pressure, as well as reducing peripheral pressure transmission [9]. The aortic reservoir pressure paradigm proposes that the central (aortic) pressure wave may be separated into an aortic reservoir pressure component, representing proximal aortic volume; and an excess pressure (Pexcess) component, representing excess left ventricular work required for stroke volume ejection, analogous to left ventricular flow (Figure 1) [10],[11]. Indeed, aortic reservoir pressure is related to aortic stiffness (aortic pulse wave velocity [aPWV]) and we have previously shown that reservoir pressure, not backward pressure (i.e. from peripheral wave reflections) is the largest contributory factor to an increase in augmented pressure [12]. Increased Pexcess was recently shown to independently predict adverse cardiovascular events in patients with cardiovascular disease [13], possibly due to accelerated target organ damage, but this has never been examined.[image: A12933_2014_Article_143_Fig1_HTML.jpg]
Figure 1Example aortic pressure waveform separated into reservoir pressure and excess pressure. Total measured pressure is equal to the sum of reservoir pressure and excess pressure. Aortic reservoir pressure represents the cyclic increase in aortic volume (aortic distension that occurs during systole) and decrease in volume (aortic recoil that occurs during diastole). Excess pressure is representative of the excess work required by the left ventricle for ejection of stroke volume and is analogous to left ventricular flow.




Although resting BP indices are clinically important, hemodynamic responses to moderate exercise may have stronger prognostic value in terms of cardiovascular risk [14], suggesting that pathophysiological insight may be gained from exercise hemodynamics beyond that of resting conditions. This may be because individuals can spend a large proportion of their day ambulatory [15] (doing some form of light-moderate physical activity; standing, walking) and the BP response to this type of lower intensity exercise may, therefore, be a better representation of the chronic BP load. Indeed, we have shown that independent of resting BP, light-moderate exercise hemodynamics can unveil BP abnormalities [16],[17] and also predict kidney function in older men [18]. We have also found that patients with T2DM have abnormal responses at higher exercise intensities [19],[20]. This study aimed to determine associations between central hemodynamics, including aortic reservoir characteristics, and brain structure in people with and without T2DM, during rest and light-moderate exercise.

Methods
Study sample
Eighty participants (T2DM n = 40, healthy controls n = 40) were recruited from the community via local advertisements. Exclusion criteria were; pregnancy, arrhythmia, clinical history of cardiovascular disease (including coronary artery disease, myocardial infarction, heart failure or stroke), severe pulmonary disease and contraindication to brain magnetic resonance imaging (MRI). T2DM was determined by self-report of diagnosis by physician. All participants gave informed consent and the study was approved by the University of Tasmania Human Research Ethics Committee.

Study protocol
Participants attended the testing laboratory on two occasions and were scheduled for MRI assessment. At visit 1, participants were in a post-absorptive state and anthropometric measures, questionnaires relating to BP, medical history and hemodynamic data were recorded. Following 10 minutes of semi-recumbent rest (torso at 45°, arm supported at heart level), brachial BP was measured by a validated automatic device (Omron HEM-907; Hoofddorp, The Netherlands) [21], followed by central hemodynamic variables recorded by applanation tonometry (SphygmoCor, AtCor Medical, Sydney, Australia). All measures were repeated during moderate intensity exercise at 60% of age-predicted maximal heart rate. A validated [22] mercury free sphygmomanometer (UM-101, A&D Medical, Tokyo, Japan) and auscultation was used to measure exercise brachial BP. Details of the exercise protocol have been described elsewhere [18]. Non-invasive impedance cardiography was continuously recorded throughout the protocol (PhysioFlow; Manatec Biomedical; Macheren, France). At visit 2, fasting venous bloods were taken and participants were fitted with a 24-hour ambulatory BP monitor (24ABPM; TM-2430, A&D Medical, Sydney, Australia). Hypertension was defined as clinic brachial BP  140/90 mmHg, self-reported diagnosis by a physician, or use of antihypertensive medications.

MRI analysis
Scans were performed on a 1.5 T General Electric Signa Excite T scanner with the following sequences: High-resolution T1 weighted spoiled gradient echo (TR 35 ms, TE 7 ms, flip angle 35°, field of view 24 cm, voxel size 1 mm3) comprising 120 contiguous slices; T2 weighted fast spin echo (TR 4300 ms; TE 120 ms; NEX 1; turbo factor 48; voxel size 0.90 × 0.90   3 mm); FLAIR (TR = 8802 ms, TE = 130 ms, TI = 2200 ms, voxel size 0.50 × 0.50 × 3 mm). Scans were registered to a 152 brain Montreal Neurological Institute template in stereotaxic coordinate space. Brain tissue was classified as gray or white matter using statistical parametric mapping software SPM5. Hippocampi were manually segmented using standard landmarks with high test-retest reliability [23]. WML were segmented using a validated semi-automated method [24]. Gray matter (GMV), white matter, WML, and hippocampal volumes were calculated using standard voxel counting algorithms. MRI examiners were blinded to outcome variables and diabetes status.

Central hemodynamic measures
Aortic reservoir characteristics
Central (aortic) pressure waveforms were reconstructed as previously described [25]. Using custom MatLab software the averaged radial pressure waveforms were separated into reservoir pressure (representative of the cyclic changes in aortic volume that occur during systolic expansion to store blood, and diastolic recoil to allow for the discharge of blood from the proximal aorta) and excess pressure (excess work done by the left ventricle, see Figure 1) [10],[11]. Reservoir pressure was calculated as previously described [13] and Pexcess was determined by subtracting the reservoir pressure from the aortic pressure waveform [26].

Central BP and aortic stiffness
Central BP was measured in duplicate and augmentation index (AIx), augmented pressure (AP), pulse pressure (PP) and PP amplification were calculated [25]. Right sided carotid-to-femoral aPWV was measured as previously described [18].

Cardiothoracic bioimpedance
Measures of cardiac output, systemic vascular resistance, heart rate and stroke volume were recorded using a device with good reproducibility during rest and exercise [27]. Five minutes of continuous steady state monitoring was averaged and analyzed offline.


Peripheral hemodynamics
Duplicate conventional brachial BP measures were averaged for analysis. 24ABPM was measured every 20 minutes during the daytime, and every 30 minutes during the nighttime.

Biochemistry
Fasting blood glucose, insulin, glycated hemoglobin (HbA1c), and lipid profiles were obtained by accredited laboratory techniques (Royal Hobart Hospital pathology department). A resting urine sample was analyzed for the presence of albumin by the Royal Hobart Hospital pathology department.

Statistical analysis
Data were analyzed using SPSS for Windows software version 19.0 (IBM SPSS Statistics, New York, USA). Data were visually inspected for normality of distribution and were all normally distributed. All brain volume outcome measures were expressed as a ratio of total intracranial volume. To compare characteristics between patients with T2DM and healthy participants, independent t- tests (continuous variables) and Chi square tests (dichotomous variables) were performed. Independent t- tests were used to compare unadjusted brain volumes between groups, followed by analysis of covariance (ANCOVA) adjusted for age and sex. To assess the relationships between resting and exercising central hemodynamic variables and brain volumes, Pearson’s correlations and multivariable linear regression were performed. Z statistic scores were determined to compare the regression slopes obtained from within-group correlations. Independent variables known (age and sex) or suspected (heart rate, ambulatory daytime systolic BP [SBP], body mass index [BMI] and total cholesterol) to contribute to variance in brain volumes were added separately into the regression model, and a p < 0.05 was considered statistically significant. Based on previous reproducibility work [28], we calculated that a between-group difference of 10 mmHg in central SBP could be detected in 36 participants per group (α = 0.05 and β = 0.20), therefore we recruited 40 participants for each group.


Results
Sample characteristics
One patient with T2DM and two healthy participants withdrew consent for MRI due to claustrophobia. Brain volume data was unavailable for one patient with T2DM (due to a significant non-vascular abnormality on MRI) and technical difficulty rendered aortic reservoir data unavailable in two participants (one participant from each group), resulting in 37 participants in each group. Compared with healthy participants, patients with T2DM were older, heavier, and had greater blood glucose and (HbA1C). None of the healthy participants were on BP or cholesterol lowering medications (Table 1).Table 1
                          Study participant characteristics
                        


	Variables
	T2DM (n = 37)
	Healthy (n = 37)
	P value

	Male, n (%)
	17 (47)
	19 (51)
	0.56

	Age (years)
	63 ± 9
	52 ± 8
	<0.001

	Body mass index (kg/m2)
	30.5 ± 4.8
	25.9 ± 3.3
	<0.001

	Waist:hip (ratio)
	0.91 ± 0.06
	0.84 ± 0.1
	0.002

	Current smoker, n (%)
	3 (8)
	3 (8)
	0.97

	Hypercholesterolemia, n (%)
	25 (66)
	10 (27)
	0.001

	Normotensive, n (%)
	15 (39)
	28 (76)
	0.002

	24ABPM systolic BP (mmHg)
	134 ± 13
	130 ± 11
	0.21

	24ABPM diastolic BP (mmHg)
	75 ± 8
	79 ± 6
	0.016

	Daytime systolic BP (mmHg)
	138 ± 14
	136 ± 13
	0.50

	Nighttime systolic BP (mmHg)
	119 ± 12
	113 ± 11
	0.016

	Duration of diabetes (years)
	6 ± 6
	-
	-

	Antihypertensive medications, n (%)
	24 (63)
	0 (0)
	<0.001

	Oral hypoglycemic medications, n (%)
	26 (68)
	0 (0)
	<0.001

	Urinary albumin (mg/L)
	9.00 ± 11.19
	7.85 ± 7.59
	0.60

	Insulin, n (%)
	5 (13)
	0 (0)
	0.016

	Statin, n (%)
	25 (66)
	0 (0)
	<0.001

	Glucose (mmol/L)
	7.5 ± 1.8
	4.7 ± 0.4
	<0.001

	Glycated hemoglobin (HbA1C) (%)
	7.2 ± 0.8
	5.5 ± 0.3
	<0.001

	Insulin (IU/mL)
	10.2 ± 8.6
	2.4 ± 4.7
	<0.001

	Total cholesterol (mmol/L)
	4.4 ± 1.0
	5.4 ± 1.0
	<0.001

	HDL cholesterol (mmol/L)
	1.3 ± 0.4
	1.6 ± 0.4
	0.002

	Triglycerides (mmol/L)
	1.4 ± 0.6
	1.0 ± 0.5
	0.003


Data expressed as mean ± standard deviation or %. T2DM, type 2 diabetes mellitus; 24ABPM, 24 hour ambulatory blood pressure monitoring; BP, blood pressure; HDL, high density lipoprotein. P is for between group analyses.



Table 2 summarizes the difference in brain volumes between groups whilst Table 3 summarizes the differences in resting and exercising central hemodynamics. There was no difference between the groups in any of the adjusted brain volumes. Those with T2DM had significantly greater values in most aortic reservoir characteristics and other hemodynamic variables at rest and during exercise. No between-group differences were observed for reservoir pressure integral and stroke volume during rest and exercise, and for peak reservoir pressure and cardiac output during exercise alone. Compared with healthy participants, brachial SBP and PP were significantly higher in those with T2DM at rest and during exercise, whereas resting systemic vascular resistance was significantly lower. Pexcess correlated with AP at rest in patients with T2DM (r = 0.49, p = 0.001) and in healthy participants at rest and during exercise (r = 0.58, p < 0.001 and r = 0.34, p = 0.032 respectively). In patients with T2DM, there was a significantly greater change from rest to exercise in peak excess pressure, central SBP, central PP, aPWV, brachial SBP and brachial PP compared to healthy participants (p < 0.05 for all).Table 2
                          Brain magnetic resonance imaging (MRI) volumes in patients with type 2 diabetes mellitus (T2DM) and healthy participants
                        


	MRI variable
	T2DM
	Healthy
	Association of T2DM with MRI variable
	P for regression

	 	Mean ± SD (n = 37)
	Mean ± SD (n = 37)
	β coefficient (95% CI)
	 
	Gray matter volume (ml)
	567.36 ± 77.81
	607.81 ± 63.01
	0.014 (-17.23, 21.21)
	0.84

	White matter volume (ml)
	583.92 ± 76.03
	604.84 ± 80.53
	-0.005 (-15.98, 14.48)
	0.92

	Left hippocampal volume (ml)
	2.43 ± 0.37
	2.55 ± 0.38
	-0.019 (-0.17, 0.14)
	0.86

	Right hippocampal volume (ml)
	2.51 ± 0.36
	2.56 ± 0.39
	0.046 (-0.14, 0.21)
	0.70

	White matter lesion volume (ml)
	3.34 ± 2.38
	3.44 ± 2.39
	-0.148 (-1.93, 0.54)
	0.26


Unadjusted MRI volumes are presented in the first two columns; β refers to standardized beta coefficient for the association between T2DM and MRI variables determined by ANCOVA and adjusted for age, sex and total intracranial volume. P value is for relation of diabetes status with MRI variables.


Table 3
                          Differences in central and peripheral hemodynamic variables between patients with type 2 diabetes mellitus (T2DM) and healthy participants at rest, during exercise and the change from rest to exercise
                        


	 	Rest
	Exercise
	Change from rest to exercise

	 	T2DM (n = 37)
	Healthy (n = 37)
	P value
	T2DM (n = 37)
	Healthy (n = 37)
	P value
	T2DM (n = 37)
	Healthy (n = 37)
	P value

	
                              Central hemodynamics
                            
	 	 	 	 	 	 	 	 	 
	Peak reservoir pressure (mm Hg)
	36 ± 8
	32 ± 4
	0.016
	18 ± 10
	15 ± 5
	0.17
	-19 ± 10
	-17 ± 10
	0.49

	Reservoir pressure integral (Pa.s)
	1872 ± 520
	1869 ± 369
	0.97
	794 ± 485
	694 ± 263
	0.40
	-1413 ± 570
	-1441 ± 454
	0.81

	Peak excess pressure (mm Hg)
	35 ± 9
	30 ± 4
	0.005
	73 ± 16
	58 ± 12
	<0.001
	37 ± 19
	27 ± 11
	0.013

	Excess pressure integral (Pa.s)
	630 ± 197
	493 ± 98
	<0.001
	1644 ± 437
	1255 ± 472
	<0.001
	970 ± 468
	776 ± 470
	0.079

	Central systolic BP (mm Hg)
	114 ± 11
	103 ± 10
	<0.001
	132 ± 14
	114 ± 13
	<0.001
	18 ± 12
	11 ± 11
	0.015

	Central pulse pressure (mm Hg)
	45 ± 9
	37 ± 5
	<0.001
	52 ± 12
	39 ± 7
	<0.001
	8 ± 9
	2 ± 7
	0.003

	0.Pulse pressure amplification (ratio)
	1.2 ± 0.1
	1.3 ± 0.1
	<0.001
	1.5 ± 0.1
	1.6 ± 0.1
	0.007
	0.26 ± 0.11
	0.23 ± 0.09
	0.37

	Augmented pressure (mm Hg)
	13 ± 4.8
	8 ± 5
	<0.001
	9 ± 6
	4 ± 4
	<0.001
	-4 ± 5
	-4 ± 3
	0.78

	Augmentation index (%)
	29 ± 6.8
	21 ± 10
	<0.001
	17 ± 9
	10 ± 6
	0.001
	-12 ± 7
	-11 ± 6
	0.68

	Augmentation index (at 75 bpm)
	23 ± 6
	13 ± 11
	<0.001
	25 ± 9
	14 ± 11
	<0.001
	0.8 ± 9
	1 ± 7
	0.73

	*Adjusted augmentation index (%)
	26 ± 6.7
	23 ± 6.7
	<0.001
	14.6 ± 8.0
	11.9 ± 7.9
	<0.001
	-11.6 ± 6.7
	-11.5 ± 6.8
	0.58

	Aortic pulse wave velocity (m/s)
	8.01 ± 2.16
	6.29 ± 1.42
	<0.001
	9.73 ± 2.10
	7.02 ± 1.43
	<0.001
	2.14 ± 2.59
	0.32 ± 2.71
	0.004

	Heart rate (bpm)
	64 ± 8
	58 ± 8
	0.001
	92 ± 12
	86 ± 12
	0.043
	27 ± 9
	28 ± 9
	0.58

	Cardiac output (L/min)
	5.24 ± 0.90
	4.50 ± 0.73
	<0.001
	8.22 ± 1.54
	7.91 ± 1.28
	0.35
	2.9 ± 1.3
	3.4 ± 1.3
	0.103

	Stroke volume (mL)
	82  ± 11
	78 ± 15
	0.26
	90 ± 13
	93 ± 14
	0.36
	7 ± 12
	14 ± 11
	0.017

	
                              Peripheral hemodynamics
                            
	 	 	 	 	 	 	 	 	 
	Brachial systolic BP (mm Hg)
	124 ± 12
	114 ± 9
	<0.001
	155 ± 17
	134 ± 14
	<0.001
	31 ± 13
	20 ± 13
	<0.001

	Brachial diastolic BP (mm Hg)
	68 ± 8
	65 ± 6
	0.064
	77 ± 9
	73 ± 9
	0.097
	8 ± 6
	9 ± 8
	0.93

	Brachial pulse pressure (mm Hg)
	55 ± 10
	49 ± 5
	0.002
	78 ± 15
	60 ± 10
	<0.001
	23 ± 11
	11 ± 10
	<0.001

	Systemic vascular resistance (d.s.cm-5)
	1369 ± 243
	1503 ± 268
	0.027
	1004.38 ± 201
	973 ± 157
	0.45
	-354 ± 206
	-529 ± 247
	0.001


Data expressed as mean ± standard deviation. BP, blood pressure. P is for between group analyses. *Augmentation index adjusted for age, sex, heart rate and height.




Associations between central hemodynamic and brain MRI volumes
In patients with T2DM, resting aortic reservoir characteristics were not related to MRI volumes (p < 0.05 for all). In healthy participants, there was an inverse correlation between resting Pexcess and GMV (r = -0.41, p = 0.011), which remained after adjusting for age, sex, ambulatory daytime SBP and heart rate (Table 4, Figure 2). Further adjustment for BMI or urinary albumin did not attenuate the association (β = -0.73-4, p = 0.028, β = -0.061-3, p = 0.045 respectively) however, the addition of total cholesterol did (β = -0.58-4, p = 0.060). Adjusting for clinic SBP (in the place of ambulatory daytime SBP), did not affect the relationship between Pexcess and GMV (  = 0.075-3, 95% CI -0.139-3 to -0.011-3, p = 0.023). There was a between-group difference in the strength of the association between resting Pexcess and GMV in patients with T2DM compared to healthy participants (z = 2.08, p = 0.044, Figure 2).Table 4
                          Multivariable analysis of resting hemodynamics and gray matter volume in patients with type 2 diabetes mellitus (T2DM) and healthy participants
                        


	Brain MRI variable
	Independent variable
	β unstandardized (95% CI)
	β standardized
	P value
	Model adjusted R2

	
                              T2DM
                            
	 	 	 	 	 
	Gray matter/total intracranial volume
	Aortic pulse wave velocity
	-0.007 (-0.014, -0.050-2)
	-0.47
	0.036
	0.16

	Age
	-0.001 (-0.002, 0.001)
	-0.15
	0.44

	Sex
	0.006 (-0.019, -0.030)
	0.088
	0.64

	24ABPM daytime systolic BP
	2.94-5 (-0.001, 0.001)
	0.013
	0.94

	Heart rate
	0.001 (-0.001, 0.001)
	0.18
	0.28

	
                              Healthy
                            
	 	 	 	 	 
	Gray matter/total intracranial volume
	Excess pressure integral
	0.60-4 (-0.119-3, -0.200-5)
	-0.23
	0.043
	0.68

	Age
	-0.020 (-0.002, -0.001)
	-0.49
	<0.001

	Sex
	-0.028 (-0.039, -0.018)
	-0.55
	<0.001

	24ABPM daytime systolic BP
	4.30-5 (-0.390-3, 0.477-3)
	0.021
	0.84

	Heart rate
	0.32-4 (-0.001, 0.001)
	-0.010
	0.93

	White matter lesion/total intracranial volume
	Augmentation index
	5.91-5 (0.9-5, 0.12-3)
	0.52
	0.021
	0.16

	Age
	2.01-5 (0.29-4, 0.7-4)
	0.14
	0.41

	Sex
	0.28-3 (-0.001, 0.001)
	0.12
	0.57

	24ABPM daytime systolic BP
	-0.10-4 (-0.39-4, 0.22-4)
	-0.093
	0.58

	Heart rate
	9.17-6 (-0.41-4, 0.59-4)
	0.060
	0.71

	Central pulse pressure
	0.11-3 (0.28-3, 0.19-3)
	0.48
	0.010
	0.19

	Age
	2.79-5 (-0.18-4, 0.74-4)
	0.19
	0.23

	Sex
	0.12-3 (-0.001, 0.001)
	-0.045
	0.79

	24ABPM daytime systolic BP
	0.17-4 (-0.49-4, 0.14-4)
	-0.093
	0.58

	Heart rate
	1.40-5 (-0.35-4, 0.63-4)
	0.091
	0.57


R2 refers ANOVA adjusted R square and P value is for the independent variable. 24ABPM, 24 hour ambulatory blood pressure monitoring; BP, blood pressure. All models adjusted for age, sex, ambulatory daytime systolic BP and heart rate.


[image: A12933_2014_Article_143_Fig2_HTML.jpg]
Figure 2
                          Univariate association (unadjusted) between excess pressure integral and gray matter volume in patients with type 2 diabetes mellitus (T2DM) and healthy participants at rest.
                        




In patients with T2DM, but not in healthy participants, resting aPWV was inversely associated with GMV (r = -0.45, p = 0.005) and remained associated after adjusting for age, sex, ambulatory daytime SBP, heart rate (Table 4) and the use of antihypertensive medication. Additionally, adjusting for clinic SBP instead of ambulatory BP, did not affect the relationship between aPWV and GMV (β = -0.009, 95% CI  0.015 to  0.002, p = 0.009). Further adjustment for BMI, urinary albumin or total cholesterol did not alter the association (β = -0.007, p = 0.036, β = -0.007, p = 0.050 and β = -0.006, p = 0.045 respectively). There was no difference between healthy participants and patients with T2DM in the strength of the association between aPWV and GMV (z = 1.76, p = 0.088).
Aortic reservoir characteristics were not related to WML volume in either group (p < 0.05 for all). In healthy participants, resting AIx and central PP were the only hemodynamic variables associated with WML volume (r = 0.46, p = 0.004 and r = 0.47, p = 0.003 respectively) and remained related after adjusting for age, sex, ambulatory daytime SBP and heart rate (Table 4). Alternatively adjusting for clinic SBP, in the place of ambulatory BP, did not attenuate the relationships between central PP and AIx with WML (β =0.122-3, 95% CI 0.013-3 to 0.230-3, p = 0.029 and β =8.354-5, 95% CI β0.018-3 to -0.149-3, p = 0.014 respectively). Further adjustment for BMI, urinary albumin or total cholesterol did not attenuate the association between AIx and WML volume (β = 5.40-5, p = 0.037, β = 6.233-5, p = 0.020 and β = 5.86-5, p = 0.025) or central PP and WML volume (β = 9.83-5, p = 0.025, β = 0.120-3, p = 0.007 and β = 0.0001, p = 0.006 respectively). Neither exercise central hemodynamic variables nor the peripheral hemodynamic variables were associated with MRI brain volumes in either group.


Discussion
To our knowledge, this is the first study to examine associations between aortic reservoir characteristics and brain structure. There are several new or noteworthy findings: 1) In healthy individuals, Pexcess (a novel marker of cardiovascular risk) was independently associated with GMV. 2) In patients with T2DM, aortic stiffness (a more traditional marker of cardiovascular risk and shown to be elevated in patients with T2DM) was independently associated with GMV. 3) Contrary to expectation, exercise hemodynamic variables were not stronger correlates of brain structural abnormalities than resting variables. Overall, these findings suggest that central hemodynamic mechanisms may play a role in leading to structural brain changes underlying cognitive impairment, but that these mechanisms may differ between healthy individuals and patients with T2DM.
Unique to the brain is the continuous passive perfusion of high volume blood flow to the organ throughout systole and diastole [29]. High flow associated with low microvascular resistance could lead to brain vascular networks being sensitive to upstream changes in pressure and flow pulsatility [30],[31]. Maintenance of relatively low central BP (especially PP) could, therefore, be important in protecting the microcirculation from excess pressure and/or flow pulsatile energy which may lead to microvascular remodeling, ischemia or structural brain changes [30]. This hypothesis appears to be consistent with data in our study showing an independent association of WML (a marker of small cerebral vessel disease) with raised central PP and AIx in healthy people. Moreover, we show that higher Pexcess is related to lower GMV in this population. Pexcess is representative of the excess left ventricular work required above the minimum to eject blood into the aorta and the Pexcess waveform has been shown to correspond closely with the flow velocity waveform [10],[11],[13],[26]. Thus one interpretation of the association between high Pexcess and low GMV is that greater pressure and/or flow transmission from the aorta to the cerebral circulation causes microvascular stress [5], unfavorable remodeling leading to ischemia [30] and neuronal loss.
Despite patients with T2DM being significantly older, of greater BMI and aortic stiffness compared to controls, there were no significant differences between the groups in any of the brain volume measures. This may be explained by the relatively small sample size or by the relatively younger age and shorter duration of T2DM than that of previous studies showing a significant reduction in brain volume compared to non-diabetic individuals [32],[33]. On the other hand WML volume has been shown to not differ between patients with T2DM and age and sex matched controls [34]. Interestingly, the relationship between high Pexcess and low GMV was only evident in healthy individuals, whereas adverse structural brain changes were more highly related to aortic stiffness in patients with T2DM. These results may be influenced by the cross sectional design of the study, but it is also likely that alterations in central hemodynamic function associated with T2DM is an explanatory factor. Key differences in patients with T2DM compared with healthy individuals were increased aortic stiffness, higher cardiac output (mainly due to higher heart rate) and reduced systemic vascular resistance. Increased aortic stiffening has previously been described in these patients, and other study samples have observed similar high left ventricular flow output [35], reduced peripheral resistance and different central hemodynamic responses to postural stress [25],[36]. The association between aortic stiffness and brain structural defects has not been definitively established in patients with T2DM despite some studies showing evidence for [37], however also against [38], an association with cognitive impairment. Our findings agree with data from patients with type 1 diabetes mellitus [39] and the general community in which aortic stiffening was independently related to brain structural defects [30],[31].
We can only speculate as to possible mechanistic differences explaining brain atrophy between healthy participants and those with T2DM. During systole, pressure rises due to increased aortic inflow relative to outflow [11]. A proportion of the pressure rise is dispersed via aortic reservoir function which is dependent on proximal aortic stiffness and peripheral resistance, both aiding in buffering BP fluctuations to allow steady blood flow to the periphery. Aortic reservoir pressure integral was not different in those with T2DM compared with healthy controls despite higher cardiac output and increased aortic stiffness in the former. This is similar to previous reports whereby patients with T2DM were shown to have reduced aortic elastic properties, however, there was no difference in aortic energy loss compared to non-diabetic controls [40]. This implies that the significant reduction in systemic vascular resistance in patients with T2DM may be a factor mitigating excessive increases in aortic reservoir pressure. Alternatively, or in conjunction, despite some studies showing smaller aortic root diameter in patients with T2DM [41], aortic diameter could have remodeled to be higher in patients with T2DM in the current study, thereby enabling relatively more inflow into the proximal aorta before a rise in pressure occurs. Others have suggested that alterations in aortic, rather than carotid arterial properties occur in patients with T2DM [42],[43]. Impedance mismatching between the aortic and carotid arteries have previously been associated with increased flow pulsatility in the carotid vasculature and may relate to cerebral microvascular remodeling and lower brain volumes [30]. Similarly, our data supports the probability that brain structural defects associated with aortic stiffness in patients with T2DM may be the product of excessive transmission of flow (rather than pressure) pulsatility to the cerebral circulation. Therapeutic methods (such as weight loss and reductions in insulin) that target aortic stiffness [44] may, therefore, be beneficial in patients with T2DM.
Finally, and in opposition to our hypothesis, associations between exercise aortic reservoir characteristics and brain atrophy/WML were not enhanced compared to resting data, despite patients with T2DM having exaggerated hemodynamic responses indicative of central systolic stress (including increased central PP, AIx and aPWV) compared to healthy individuals. This was based on the expectation that moderate exercise (similar to ambulatory BP conditions) would be more representative of the chronic hemodynamic loading experienced during normal daily activity and, thus, would be more highly related to end organ disease. This appears to be relevant to cardiac structure [45] and kidney function [18] but the lack of relationship with brain morphology implies different pathophysiological pathways.
The strengths of our study include comprehensive MRI measures and rigorous hemodynamic examination at rest and during moderate intensity exercise. Despite finding significant associations between central hemodynamic variables and GMV in both patients with T2DM and healthy participants, we have performed multiple statistical tests in a relatively small study sample and, therefore, further studies in larger samples are required to confirm our results. We did not measure aortic root diameter and, therefore, our assumption of aortic dilation cannot be confirmed. Furthermore, the cross sectional nature of the study limits inference regarding causality.

Conclusions
In summary, this is the first study to examine associations between aortic reservoir characteristics and brain structure. Our findings suggest that Pexcess may be an important contributor to brain atrophy in healthily ageing individuals whereas in patients with T2DM, aortic stiffening may play a more prominent role. These findings suggest that there may be different vascular abnormalities contributing to brain dysfunction among diabetics compared with non-diabetics. However more work is required to determine the underlying central vascular mechanism/s.

Acknowledgments
We the guarantors (REDC, VS, JEF and JES) take full responsibility of this work as a whole.

References
1.
Moran C, Phan TG, Chen J, Blizzard L, Beare R, Venn A, Munch G, Wood AG, Forbes J, Greenaway TM, Pearson S, Srikanth V: Brain atrophy in type 2 diabetes: Regional distribution and influence on cognition. Diabetes Care. 2013, 36: 4036-4042. 10.2337/dc13-0143.PubMedCentralCrossRefPubMed

2.
van Harten B, de Leeuw FE, Weinstein HC, Scheltens P, Biessels GJ: Brain imaging in patients with diabetes: A systematic review. Diabetes Care. 2006, 29: 2539-2548. 10.2337/dc06-1637.CrossRefPubMed

3.
Naka K, Papathanassiou K, Bechlioulis A, Kazakos N, Pappas K, Tigas S, Makriyiannis D, Tsatsoulis A, Michalis LK: Determinants of vascular function in patients with type 2 diabetes. Cardiovasc Diabetol. 2012, 11: 1-8. 10.1186/1475-2840-11-127.CrossRef

4.
Biessels GJ, Deary IJ, Ryan CM: Cognition and diabetes: A lifespan perspective. Lancet Neurol. 2008, 7: 184-190. 10.1016/S1474-4422(08)70021-8.CrossRefPubMed

5.
Mitchell GF: Effects of central arterial aging on the structure and function of the peripheral vasculature: Implications for end-organ damage. J Appl Physiol. 2008, 105: 1652-1660. 10.1152/japplphysiol.90549.2008.PubMedCentralCrossRefPubMed

6.
Demarin V, Morovic S: Ultrasound subclinical markers in assessing vascular changes in cognitive decline and dementia. J Alzheimers Dis. 2014, 42: S259-S266.PubMed

7.
Kass DA: Ventricular arterial stiffening: Integrating the pathophysiology. Hypertension. 2005, 46: 185-193. 10.1161/01.HYP.0000168053.34306.d4.CrossRefPubMed

8.
Nichols WW, O'Rourke MF: Mcdonald's blood flow in arteries: Theoretical, experimental and clinical principles Fifth edition. 2005, Hodder Arnold, London

9.
Schultz MG, Davies JE, Hardikar A, Pitt S, Moraldo M, Dhutia N, Hughes AD, Sharman JE: Aortic reservoir pressure corresponds to cyclic changes in aortic volume: Physiological validation in humans. Arterioscler Thromb Vasc Biol. 2014, 34: 1597-1603. 10.1161/ATVBAHA.114.303573.CrossRefPubMed

10.
Wang JJ, O'Brien AB, Shrive NG, Parker KH, Tyberg JV: Time-domain representation of ventricular-arterial coupling as a windkessel and wave system. Am J Physiol Heart Circ Physiol. 2003, 284: H1358-H1368.CrossRefPubMed

11.
Wang JJ, Shrive NG, Parker KH, Huges AD, Tyler JV: Wave propagation and reflection in the canine aorta: Analysis using a reservoir-wave approach. Can J Cardiol. 2011, 27: 389.e381-389.e310. 10.1016/j.cjca.2010.12.072.CrossRef

12.
Davies JE, Baksi J, Francis DP, Hadjiloizou N, Whinnett ZI, Manisty CH, Aguado-Sierra J, Foale RA, Malik IS, Tyberg JV, Parker KH, Mayet J, Hughes AD: The arterial reservoir pressure increases with aging and is the major determinant of the aortic augmentation index. Am J Physiol Heart C. 2009, 298: H580-H586. 10.1152/ajpheart.00875.2009.CrossRef

13.
Davies JE, Lacy P, Tillin T, Collier D, Cruickshank JK, Francis DP, Malaweera A, Mayet J, Stanton A, Williams B, Parker KH, McG Thom SA, Hughes AD: Excess pressure integral predicts cardiovascular events independent of other risk factors in the conduit artery functional evaluation substudy of anglo-scandinavian cardiac outcomes trial. Hypertension. 2014

14.
Schultz MG, Otahal P, Cleland VJ, Blizzard L, Marwick TH, Sharman JE: Exercise-induced hypertension, cardiovascular events, and mortality in patients undergoing exercise stress testing: A systematic review and meta-analysis. Am J Hypertens. 2013, 26: 357-366. 10.1093/ajh/hps053.CrossRefPubMed

15.
Cavelaars M, Tulen JH, van Bemmel JH, van den Meiracker AH: Physical activity, dipping and haemodynamics. J Hypertens. 2004, 22: 2303-2309. 10.1097/00004872-200412000-00012.CrossRefPubMed

16.
Sharman JE, McEniery CM, Dhakam ZR, Coombes JS, Wilkinson IB, Cockcroft JR: Pulse pressure amplification during exercise is significantly reduced with age and hypercholesterolemia. J Hypertens. 2007, 25: 1249-1254. 10.1097/HJH.0b013e3280be5911.CrossRefPubMed

17.
Schultz MG, Hare JL, Marwick TH, Stowasser M, Sharman JE: Masked hypertension is "unmasked" by low-intensity exercise blood pressure. Blood Press. 2011, 20: 284-289. 10.3109/08037051.2011.566251.CrossRefPubMed

18.
Keith LJ, Rattigan S, Keske MA, Jose M, Sharman JE: Exercise aortic stiffness: Reproducibility and relation to end-organ damage in men. J Hum Hypertens. 2013, 27: 516-522. 10.1038/jhh.2013.5.CrossRefPubMed

19.
Sacre JW, Holland DJ, Jenkins C, Sharman JE: Augmentation index immediately after maximal exercise in patients with type 2 diabetes mellitus. Med Sci Sports Exerc. 2012, 44: 75-83. 10.1249/MSS.0b013e318228588c.CrossRefPubMed

20.
Scott JA, Coombes JS, Prins JB, Leano RL, Marwick TH, Sharman JE: Patients with type 2 diabetes have exaggerated brachial and central exercise blood pressure: Relation to left ventricular relative wall thickness. Am J Hypertens. 2008, 21: 715-721. 10.1038/ajh.2008.166.CrossRefPubMed

21.
El Assaad MA, Topouchian JA, Darne BM, Asmar RG: Validation of the omron hem-907 device for blood pressure measurement. Blood Press Monit. 2002, 7: 237-241. 10.1097/00126097-200208000-00006.CrossRefPubMed

22.
Stergiou GS, Giovas PP, Gkinos CP, Tzamouranis DG: Validation of the a&d um-101 professional hybrid device for office blood pressure measurement according to the international protocol. Blood Press Monit. 2008, 13: 37-42. 10.1097/MBP.0b013e3282c9acb0.CrossRefPubMed

23.
Wrench JM, Wilson SJ, Bladin PF, Reuten DC: Hippocampal volume and depression: Insights from epilepsy surgery. J Neurol Neurosurg Psychiatry. 2009, 80: 539-544. 10.1136/jnnp.2008.152165.CrossRefPubMed

24.
Beare R, Srikanth V, Chen J, Phan TG, Stapleton J, Lipshut R, Reutens D: Development and validation of morphological segmentation of age-related cerebral white matter hyperintensities. Neuroimage. 2009, 47: 199-203. 10.1016/j.neuroimage.2009.03.055.CrossRefPubMed

25.
Climie RED, Nikolic SB, Otahal P, Keith LJ, Sharman JE: Augmentation index and arterial stiffness in patients with type 2 diabetes mellitus. Artery Res. 2013, 7: 194-200. 10.1016/j.artres.2013.09.002.CrossRef

26.
Davies JE, Hadjiloizou N, Leibovich D, Malaweera A, Alastruey-Arimon J, Whinnett ZI, Manisty CH, Francis DP, Aguado-Sierra J, Foale RA, Malik IS, Parker KH, Mayet J, Hughes AD: Importance of the aortic reservoir in determining the shape of the arterial pressure waveform - the forgotten lessons of frank. Artery Res. 2007, 1: 40-45. 10.1016/j.artres.2007.08.001.CrossRef

27.
Schultz MG, Climie RED, Nikolic SB, Ahuja K, Sharman JE: Reproducibility of cardiac output derived by impedance cardiography during postural changes and exercise. Artery Res. 2012, 6: 78-84. 10.1016/j.artres.2012.02.001.CrossRef

28.
Holland DJ, Sacre JW, McFarlane SJ, Coombes JS, Sharman JE: Pulse wave analysis is a reproducible technique for measuring central blood pressure during hemodynamic perturbations induced by exercise. Am J Hypertens. 2008, 21: 1100-1106. 10.1038/ajh.2008.253.CrossRefPubMed

29.
O'Rourke MF, Safar ME: Relationship between aortic stiffening and microvascular disease in brain and kidney: Cause and logic of therapy. Hypertension. 2005, 46: 200-204. 10.1161/01.HYP.0000168052.00426.65.CrossRefPubMed

30.
Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, Kjartansson O, Garcia M, Aspelund T, Haris TB, Gudnason V, Launer LJ: Arterial stiffness, pressure and flow pulsatility and brain structure and function: The age, gene/environment susceptibility-reykjavik study. Brain. 2011, 134: 3398-3407. 10.1093/brain/awr253.PubMedCentralCrossRefPubMed

31.
Tsao C, Seshadri S, Beiser A, Westwood A, DeCarli C, Au R, Himali J, Hamburg N, Vita J, Levy D, Larson M, Benjamin E, Wolf P, Vasan R, Mithell GF: Relations of arterial stiffness and endothelial function to brain aging in community. Neurology. 2013, 81: 984-991. 10.1212/WNL.0b013e3182a43e1c.PubMedCentralCrossRefPubMed

32.
Manschot S, Brands A, van der Grond J, Kessels R, Algra A, Kappelle LJ, Biessels GJ: Brain magnetic resonance imaging correlates of impaired cognition in patients with type 2 diabetes. Diabetes. 2006, 55: 1106-1113. 10.2337/diabetes.55.04.06.db05-1323.CrossRefPubMed

33.
Den Heijer T, Vermeer S, Van Dijk E, Prins N, Koudstaal P, Hofman A, Bretele MMB: Type 2 diabetes and atrophy of medial temporal lobe structures on brain mri. Diabetologia. 2003, 46: 1604-1610. 10.1007/s00125-003-1235-0.CrossRefPubMed

34.
Laugesen E, Høyem P, Stausbøl-Grøn B, Mikkelsen A, Thrysøe S, Erlandsen M, Christiansen JS, Knudsen ST, Hansen KW, Kim WY: Carotid-femoral pulse wave velocity is associated with cerebral white matter lesions in type 2 diabetes. Diabetes Care. 2013, 36: 722-728. 10.2337/dc12-0942.PubMedCentralCrossRefPubMed

35.
Velagaleti RS, Gona P, Chuang ML, Salton CJ, Fox CS, Blease SJ, Yeon SB, Manning CJ, O’Donnell WJ: Relations of insulin resistance and glycemic abnormalities to cardiovascular magnetic resonance measures of cardiac structure and function: The framingham heart study. Circ Cardiovasc Imaging. 2010, 3: 257-263. 10.1161/CIRCIMAGING.109.911438.PubMedCentralCrossRefPubMed

36.
Schultz MG, Climie RE, Nikolic SB, Ahuja KD, Sharman JE: Persistent elevation of central pulse pressure during postural stress in patients with type 2 diabetes mellitus. J Hum Hypertens. 2013, 27: 437-444. 10.1038/jhh.2012.60.CrossRefPubMed

37.
Mehrabian S, Raycheva M, Gateva A, Todorova G, Angelova P, Traykova M, Stankova T, Kamenov Z, Traykov L: Cognitive dysfunction profile and arterial stiffness in type 2 diabetes. J Neurol Sci. 2012, 322: 152-156. 10.1016/j.jns.2012.07.046.CrossRefPubMed

38.
Singer J, Trollor JN, Crawford J, O’Rourke MF, Baune BT, Brodaty H, Samaras K, Kochan NA, Ampbell L, Sachdev PS: The association between pulse wave velocity and cognitive function: The sydney memory and ageing study. PLoS One. 2013, 8: e61855-10.1371/journal.pone.0061855.PubMedCentralCrossRefPubMed

39.
van Elderen SG, Brandts A, van der Grond J, Westenberg JJ, Kroft LJ, van Buchem MA, Smit JW, de Ross A: Cerebral perfusion and aortic stiffness are independent predictors of white matter brain atrophy in type 1 diabetic patients assessed with magnetic resonance imaging. Diabetes Care. 2011, 34: 459-463. 10.2337/dc10-1446.PubMedCentralCrossRefPubMed

40.
Toutouzas K, Stefanadis C, Tsiamis E, Vlachopoulos C, Tousoulis D, Tsioufis C, Toutouzas P: Aortic pressure-diameter relation in patients with non-insulin dependent diabetes mellitus: New insights. Diabetologia. 2000, 43: 1070-1075. 10.1007/s001250051492.CrossRefPubMed

41.
Chen XF, Wang JA, Lin XF, Tang LJ, Yu WF, Chen H, Xie XJ, Jiang JJ, Peng XH: Diabetes mellitus: Is it protective against aortic root dilatation?. Cardiology. 2009, 112: 138-143. 10.1159/000142944.CrossRefPubMed

42.
Chirinos JA, Segers P, Gillebert TC, De Buyzere ML, Khan ZA, Khawar U, De Bacquer D, Rietzschel ER: Central pulse pressure and its hemodynamic determinants in middle-aged adults with impaired fasting glucose and diabetes the asklepios study. Diabetes Care. 2013, 36: 2359-2365. 10.2337/dc12-1463.PubMedCentralCrossRefPubMed

43.
Paini A, Boutouyrie P, Calvet D, Tropeano A-I, Laloux B, Laurent S: Carotid and aortic stiffness determinants of discrepancies. Hypertension. 2006, 47: 371-376. 10.1161/01.HYP.0000202052.25238.68.CrossRefPubMed

44.
Hughes TM, Althouse AD, Niemczyk NA, Hawkins MS, Kuipers AL, Sutton-Tyrrell K: Effects of weight loss and insulin reduction on arterial stiffness in the save trial. Cardiovasc Diabetol. 2012, 11: 114-10.1186/1475-2840-11-114.PubMedCentralCrossRefPubMed

45.
Mancia G, Zanchetti A, Agabiti-Rosei E, Benemio G, De Cesaris R, Fogari R, Pessina C, Porcellati C, Rappelli A, Salvetti A, Trimarco B: Ambulatory blood pressure is superior to clinic blood pressure in predicting treatment-induced regression of left ventricular hypertrophy. Sample study group. Study on ambulatory monitoring of blood pressure and lisinopril evaluation. Circulation. 1997, 95: 1464-1470. 10.1161/01.CIR.95.6.1464.CrossRefPubMed



Competing interests
This study was supported by a grant from Diabetes Australia Research Trust (reference Y11-SHAJ). JES was supported by a National Health and Medical Research Council Career Development Award (reference 569519). VS is supported by a co-funded NHMRC Career Development Fellowship (1061457) and a Heart Foundation Future Leader Fellowship (ID 100089).

Authors’ contributions
REDC researched data, analyzed data and wrote the manuscript; VS analyzed the data and wrote manuscript; RB; analyzed the data; LJK study design, review of manuscript; JF review of manuscript; JED analyzed data and review of manuscript; JES study design, analyzed data and wrote the manuscript. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12933_2014_Article_143_Fig2_HTML.jpg
1000

800

o
3
3

(Pass)

»
S
3

200

Excess pressure integral

1000

800

600
400

Excess presure integral
(Pas)

0

03 0.35 04 0.45

Healthy
r=-0.413
p=0.011

X o

855 Seos

03 035 04 045
Grey matter/total intercranial volume

200





OEBPS/contact.gif





OEBPS/A12933_2014_Article_143_Fig1_HTML.jpg
Reservoir pressure





