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ABSTRACT
Objective: Low endothelial shear stress (ESS, N/m2) causes endothelial cells to switch to an 
atherogenic phenotype. The relationship between postprandial hypertriglyceridemia and 
ESS is unknown. We tested the hypothesis that postprandial hypertriglyceridemia decreases 
ESS in the carotid arteries.

Methods:  Twenty-five healthy volunteers (aged 25.9 ± 3.6 years) were investigated. Phase-
contrast 3.0 Tesla magnetic resonance imaging scans of the common carotid arteries 
provided endothelial shear rate (s-1) data from the spatial velocity gradients close to the 
artery wall. Blood viscosity was measured over a wide range of shear rates. For each subject 
we selected the blood viscosity based on the measured endothelial shear rate. Endothelial 
shear stress was calculated as the product of endothelial shear rate and blood viscosity. All 
measurements were made prior to and after an oral fat-  and glucose load containing 50 
grams unsaturated fat and 115 grams of glucose.

Results: ESS decreased by 6% after the acute meal challenge (2.30 ± 0.39 N/m2 vs. 2.16 ± 
0.39 N/m2, P = 0.006). Change in carotid ESS correlated with change in carotid blood flow 
(r = 0.57, P = 0.003) and change in blood viscosity (r = 0.72, P < 0.0001).

Conclusion: Carotid ESS was decreased by postprandial hypertriglyceridemia induced by 
oral fat- and glucose load. The ESS decrease was associated with decrease in carotid blood 
flow and blood viscosity. Our data imply that ESS decrease may be a contributing factor to 
the postprandial pro-atherogenic state.
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INTRODUCTION
The interaction between blood flow and the endothelium is considered to play a key role in 
the atherosclerotic disease process.1 In 1969, Caro et al. observed that predilection sites of 
plaques were located at regions of low shear stress.2 Three ultrasound studies and a 
magnetic resonance imaging study reported a relationship between carotid intima-media 
thickness and endothelial shear stress (ESS).3-7 In vitro and animal studies corroborated a 
rapid switch of endothelial cells into an atherogenic phenotype when exposed to decreased 
ESS.7, 8 The latter is in line with the observation that endothelial cell turnover, endothelium-
derived inflammatory mediators, and extracellular matrix degradation are all tightly 
regulated by ESS.1 
To date, little is known however concerning the relationship between ESS and dyslipidemia, 
which constitutes one of the major risk factors for atherogenesis. Previous studies have 
reported that postprandial hypertriglyceridemia markedly changes systemic 
haemodynamics by increasing blood flow to the gastrointestinal organs by approximately 
100%.9, 10 In response to the redistribution of blood flow sympathetically mediated 
increases in heart rate, cardiac output, and peripheral vascular resistance occur in order to 
maintain adequate systemic blood pressure.11 We therefore hypothesize that postprandial 
hypertriglyceridemia affects local haemodynamics and ESS in large conduit arteries, which 
may promote a pro-atherogenic situation in the post-prandial state. 
In the present study, we set out to assess the effect of acute hypertriglyceridemia induced 
by an oral fat-  and glucose load, on local haemodynamic parameters and ESS in the carotid 
arteries in young healthy volunteers. Prior to and after the fat-  and glucose load, carotid 
ESS was quantified based on velocity gradient modeling using a reproducible non-invasive 
3.0 Tesla magnetic resonance imaging (MRI) protocol.3 

METHODS
Study Design
In this study we measured the effect of an oral fat-  and glucose load on carotid artery ESS 
by performing MRI scans prior and after a fat and glucose load. The study was conducted at 
the Mount Sinai School of Medicine in New York, USA. The study protocol was approved by 
the institutional review board and all subjects gave written informed consent.
Twenty-five healthy males and females in the age range 18 to 35 years participated. 
Subjects were excluded if they had contraindications for MRI (e.g. claustrophobia, metal in 
the body), a history of surgery performed in the area of measurement (carotid), cardiac 
arrhythmias, known or symptomatic cardiovascular disease, carotid artery stenosis, 
pregnancy or no use of adequate contraceptives in case of a fertile female.
The study consisted of a single visit.  In the eight hours prior to the visit all subjects 
refrained from eating, drinking (except water), smoking, as well as strenuous exercise.
At baseline, brachial artery blood pressure, weight and length were measured and body 
mass index (BMI) calculated. Venous blood samples were obtained and stored using 
standardized protocols. Plasma total cholesterol, high-density lipoprotein cholesterol (HDL-
C), triglyceride, glucose, and C-reactive protein levels were measured, whereas low-density 
lipoprotein cholesterol (LDL-C) was calculated using the Friedewald equation. The baseline 
carotid 3.0-T MRI scans were then performed. Subsequently, we administered an oral fat- 
and glucose load containing 50 grams unsaturated fat and 115 grams of glucose. Three 
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hours after the fat-  and glucose load, venous blood samples, and the repeat carotid 3.0-T 
MRI scans were performed.

Figure 1. 3.0-T MRI acquisition and image analysis. A, Phase-contrast images are made in 27 phases per heartbeat. The 
lumen-wall boundaries are automatically traced in all 27 phases of the gradient echo images to assess the lumen area 
throughout the cardiac cycle. B, All 27 lumen-wall boundaries of a cardiac cycle stacked on top of each other. C, The lumen 
boundaries are projected on the velocity-encoded images. The distance to the artery wall and the velocity is calculated for 
each pixel. D, To derive the endothelial shear rate (ESR, s-1) for each of the 27 phases, a second-order fit is applied. The mean 
ESR of all 27 phases was used to calculate endothelial shear stress (ESS, N/m2). 

Carotid ESS by 3T-MRI
Magnetic resonance images of the common carotid arteries were acquired on a 3.0-T MRI 
scanner (Achieva, Philips Medical Systems) using a dedicated 8-channel phased array 
carotid coil (Philips). To localize the left and right common carotid artery and the carotid 
bifurcation, we performed axial MR angiography scans using a time-of-flight sequence. The 
scan planes were placed perpendicular to the vessel at 30 mm proximal (inferior) to the 
right carotid flow divider using the MRA and projection images. For haemodynamic 
assessments, axial gradient echo phase-contrast images were acquired. Temporal 
interpolation was performed by the scanner software to 27 phases per heartbeat 
(retrospective ECG gating). Sequence parameters were: slice thickness, 4 mm; field of view, 
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90 x 90 cm; matrix, 128 x 128; interpolated pixel size, 0.4 x 0.4 mm; velocity encoding, 150 
cm/s unidirectional; repetition time 8.1 ms, echo time 5 ms, flip angle 10 degrees, number 
of signal averages 2, total scan time 3-4 min, depending on the subject’s heartrate. Both 
magnitude and velocity-encoded phase images were reconstructed. All scans were saved in 
the Digital Imaging and Communications in Medicine (DICOM) format. Standardized 
equipment and protocols were used for image storage and data management.
For ESS quantification, semi-automated qualitative and quantitative image analysis was 
performed using software written in Matlab and developed at the Academic Medical 
Center, Amsterdam, The Netherlands (Figure 1).3 In short, the lumen-wall boundaries of all 
27 phases per cardiac cycle were traced automatically by the software by using the 
magnitude images. Subsequently, the lumen-wall boundaries were projected on the 
velocity-encoded images, and the velocity of each pixel in the artery lumen was measured. 
The software automatically determined the spatial gradient of the velocities close to the 
artery wall using second-order curve fitting of the velocity profile. The second-order fit was 
applied on all the pixels located at a distance of 0.3 to 1.2 mm from the vessel wall. The fit 
was forced to include the position of the artery wall with a velocity of 0 to conform to the 
zero-slip condition. Endothelial shear rate (ESR, s-1) was defined as the spatial gradient of 
the velocities at the artery wall, averaged over the 27 phases of the cardiac cycle (Figure 1). 
Endothelial shear stress (ESS) was calculated by multiplying the ESR with blood viscosity. 
The blood viscosity measurement is described below. In addition we measured mean lumen 
area (mm2) and mean blood flow (cm3/s) by MRI. Furthermore, the heart rate was 
determined with electrocardiography during MRI scanning.

Blood viscosity assessment
Blood viscosity measurements were performed using an automated scanning capillary tube 
viscometer (Hemathix SCV-200, Rheovector LLC, Pennsauken, NJ, USA; instrument formerly 
known as the Rheolog viscometer), which measures viscosity over a wide range of shear 
rates with a single continuous measurement. For every blood sample, 10000 viscosities 
were measured over a range of shear rates from 1 to 1000. The scanning capillary tube 
viscometer has been validated in the low and high shear rate ranges using well-accepted 
manual viscometers and has been shown to provide accurate viscosity measurements on a 
continuous basis over a complete range of shear rates.12-15  A full description of its function 
has previously been published.12-15 Since blood viscosity is dependent on local shear rates, 
we selected the blood viscosity for each subject and each measurement based on the mean 
carotid ESR measured by 3.0-T MRI. Viscosity values were expressed in units of centipoise 
(cP).

Statistical analysis
Continuous variables are expressed as means ± standard deviations (SD). To evaluate 
differences between pre-  and post fat-  and glucose load in ESS and other parameters we 
performed paired student’s t-tests. We calculated Pearson’s correlation coefficients (r) to 
assess the correlation between changes in mean carotid ESS and heart rate, mean lumen 
area, mean blood flow, and viscosity. For all statistical analyses Statistical Package for the 
Social Sciences version 18.0 for Windows was used.
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RESULTS
Pre-  and post fat-  and glucose load, carotid 3.0-T MRI scans were performed in 25 subjects 
(11 men, 14 women). The mean age of the volunteers was 25.9 (3.6) years.  Patient 
characteristics are shown in Table 1. 

Pre-  and post oral fat-  and glucose load lipid levels (total cholesterol, LDL-C, HDL-C, 
triglycerides), glucose and CRP levels are shown in Table 2. Triglyceride increased by 100% 
(P < 0.001), and glucose levels increased by 4% (P = 0.045). HDL-C and LDL-C levels 
decreased by 4% (P = 0.002) and 10% (P = 0.001) respectively. Total cholesterol and CRP 
did not change.

Figure 2. The averaged blood viscosity of all subjects over a wide range of shear rates, before and after the oral fat- and 
glucose load. The average carotid shear rate measured by MRI before and after the fat- and glucose load were 592 (± 85) s-1 
and 567 (±  88) s-1 respectively, corresponding with average blood viscosity values of 3.91(± 0.51) cP and 3.83 (± 0.52) cP.
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Baseline characteristics N=25
Age (years) 25.9 (3.6)
Gender 
    Males 11 (44%)
    Females 14 (56%)
Current smoking
    Yes 9 (36%)
    No 16 (64%)
Alcohol use (units per day) 1.7 (2.0)
Body Mass Index 23.8 (3.8)
Arterial blood pressure, mmHg
   Systolic 118 (12)
   Diastolic 76 (9)
   Mean   90 (10)
Table 1. Mean (SD) values for baseline characteristics.Table 1. Mean (SD) values for baseline characteristics.



Mean values of haemodynamic parameters, ESS and the differences of all parameters 
before and after the oral fat-  and glucose load are shown in Table 2. Heart rate increased by 
3% (P = 0.035) and ESR decreased by 3% (P = 0.010) after the oral fat-  and glucose load. 
The average blood viscosities for all subjects, before and after the glucose load, for all 
shear rates are shown in Figure 2. Table 2 shows that blood viscosity, and mean blood flow 
showed a trend towards decrease by 2%, but this was not significant (P = 0.17 for both 
parameters). Mean lumen area showed a non-significant increase of 2% (P = 0.15). 
Postprandial ESS decreased by 6% (P = 0.006). Decrease in mean ESS correlated with 
decrease in viscosity (r = 0.57, P = 0.003) and decrease in mean blood flow (r = 0.72, P < 
0.0001; Figure 3), while it was not associated with change in heart rate (r = 0.05, P = 0.82) 
or mean lumen area (r = -0.12, P = 0.57).

Pre fat- and glucose 
load

Post fat- and glucose 
load Change p-value

Biochemistry
Total Cholesterol (mg/dl) 178.2 (30.4) 180.0 (34.1) 1.8 (7.7) 0.24
LDL-cholesterol (mg/dl) 94.4 (25.5) 84.5 (29.3) -9.8 (10.3) <0.001
HDL-cholesterol (mg/dl) 65.1 (16.3) 62.5 (16.9) -2.6 (3.8) 0.002
Triglycerides (mg/dl) 93.7 (57.9) 187.8 (127.7) 94.2 (74.1) <0.001
Fasting glucose (mg/dl) 100.2 (11.1) 104.0 (10.9) 3.8 (9.0) 0.045
C-reactive protein (mg/dl) 1.58 (1.55) 1.56 (1.65) -0.02 (0.24) 0.63
Haemodynamic parameters
Heart rate, s-1 63 (10) 65 (11) 1.8 (3.9) 0.035
Blood Viscosity, cP 3.91 (0.51) 3.83 (0.52) -0.08 (0.28) 0.17
Mean lumen Area, mm2 20.8 (3.1) 21.2 (3.4) 0.4 (1.2) 0.15
Mean blood flow, cm3/s 5.81 (0.96) 5.67 (0.87) -0.14 (0.50) 0.17
Mean endothelial shear rate, s-1 592 (85) 567 (88) -24 (43) 0.010
Mean endothelial shear stress, N/m2 2.30 (0.39) 2.16 (0.39) -0.14 (0.23) 0.006

Table 2. Pre- and post oral fat- and glucose load values for biochemical and haemodynamic parameters. Values are expressed 
as mean ± SD. P-values were calculated with paired student’s t-tests. 
Table 2. Pre- and post oral fat- and glucose load values for biochemical and haemodynamic parameters. Values are expressed 
as mean ± SD. P-values were calculated with paired student’s t-tests. 
Table 2. Pre- and post oral fat- and glucose load values for biochemical and haemodynamic parameters. Values are expressed 
as mean ± SD. P-values were calculated with paired student’s t-tests. 
Table 2. Pre- and post oral fat- and glucose load values for biochemical and haemodynamic parameters. Values are expressed 
as mean ± SD. P-values were calculated with paired student’s t-tests. 
Table 2. Pre- and post oral fat- and glucose load values for biochemical and haemodynamic parameters. Values are expressed 
as mean ± SD. P-values were calculated with paired student’s t-tests. 

Figure 3. The relationship between postprandial change in endothelial shear stress (ESS) and carotid blood flow, and viscosity.
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DISCUSSION
The present study shows that carotid artery ESS decreases following an oral fat-  and 
glucose load leading to a 100% TG-increase. The decrease in ESS coincided with a 
reduction in blood viscosity as well as a reduced blood flow, indicating a reduced 
haemodynamic shear stress in large conduit arteries. In view of the crucial role of shear 
stress in maintaining atherosclerosis protection1, the reduced ESS is likely to contribute to 
the postprandial pro-atherogenic state.

Postprandial hypertriglyceridemia and atherosclerosis
In 1979 Zilversmit proposed that the postprandial period contributes to a systemic, 
proatherogenic state.17 The mechanism of the pro-atherogenic tendency following a meal is 
likely related to the postprandial increase of remnants from chylomicrons and very low-
density lipoproteins (VLDL).18, 19 The triglyceride-  and cholesterol-containing remnants have 
the ability to penetrate the subendothelial space, thereby contributing to the formation of 
foam cells.18, 19 Although triglycerides can be readily metabolized, the cholesterol residing 
in the remnant particles cannot be degraded when taken up by intimal macrophages, 
eventually promoting the development of atherosclerosis. Large epidemiological studies 
have subsequently supported Zilversmits’ postulate by showing that postprandial 
triglyceride levels are strong predictors for future cardiovascular events.20, 21 

Postprandial haemodynamic changes in the carotid arteries
In addition to the pro-atherogenic effect of postprandial hypertriglyceridemia, we 
hypothesized that an oral fat-  and glucose challenge can also affect local haemodynamic 
parameters, such as ESS, in large conduit arteries thereby contributing to a pro-atherogenic 
state. Since we addressed this question in the carotid arteries, it is important to note that in 
the cerebral circulation, myogenic and neurogenic regulation causes dilation and 
constriction of arterioles in response to blood pressure and blood flow, in order to maintain 
cerebral blood flow within the physiological range.22 To our knowledge, only one study 
previously addressed the impact of meal ingestion on cerebral perfusion.23 Eicke et al. 
performed carotid artery M-mode duplex sonography in 20 healthy volunteers before and 
after the intake of a high energy meal. They reported an 11% increase in carotid blood flow, 
which was however accompanied by a significant increase in heart rate. In contrast to 
Eickes’ findings, our data showed a trend towards a decrease in carotid blood flow. Eicke et 
al. used M-mode duplex sonography, while we used an MRI-based method, which may 
have caused different findings. Both studies observed an increase in heart rate, which 
corroborates with previous literature showing that hypertriglyceridemia increases cardiac 
contractility and heart rate.24

Our study is the first to investigate the effect of postprandial hypertriglyceridemia on 
carotid ESS, and we found a 6% decrease. As indicated by Poiseulle’s formula, ESS is 
determined by blood viscosity and blood flow, and inversely related to the third power of 
the lumen radius.27 Therefore, the observed decrease in ESS is per definition caused by 
changes in blood viscosity, blood flow, and/or lumen diameter. We observed a trend 
towards a decrease in blood viscosity and blood flow, and increase in lumen diameter, 
albeit not significant. Apparently, the composite of these subtle changes resulted in a 
significant decrease in ESS. We observed that the change in ESS positively correlated with 
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the change in blood viscosity and blood flow, while it did not correlate with change in 
lumen area.
Compared to previous literature, a 6% decrease in ESS following a single meal seems 
clinically relevant. Previous studies reported that patients with CVD have a 16% lower 
carotid ESS compared to young healthy subjects.3 In another study in 234 subjects at low 
coronary heart disease risk, subjects with carotid atherosclerosis had a 30% lower carotid 
ESS compared to subjects without carotid atherosclerosis.6 Similarly, patients with 
symptomatic peripheral artery disease had a 30% lower carotid ESS than healthy controls.25 
Subjects with non-insulin dependent diabetes mellitus were found to have a 17% lower 
carotid ESS than healthy controls.26 Furthermore, ESS decreases with age. In a recent study 
in 48 subjects, in 12 years of longitudinal follow-up ESS was observed to decrease by 17.5% 
in men and by 11.8% in women.4

Methodological issues
ESS is the product of ESR and blood viscosity. In the current study we assessed ESR by 
velocity gradient modelling.3, 28 As we formerly described, we developed semi automated 
analysis software for velocity-gradient modelling, and showed this method has excellent 
inter-observer and inter-scan reproducibility.3 
Another important issue is the measurement of blood viscosity. In contrast to many studies 
that assume an equal blood viscosity for all subjects, we measured blood viscosity of each 
subject individually using an automated scanning capillary tube viscometer. This enabled to 
measure viscosity over a wide range of shear rates with a single continuous measurement. 
Viscosity is dependent of local ESR levels. Under high flow velocity and high shear rates (± 
100 s-1) blood behaves like a Newtonian fluid with near-constant viscosity, whereas with the 
lower ESR rates erythrocyte aggregation and rigidity cause a progressive increase in 
viscosity. In the current study we determined blood viscosity based on the local ESR rate of 
each subject. We found viscosity values in the range of 3 to 5 cP. The viscosity values we 
found are comparable with those reported in previous studies.4

Study Limitations
The following limitations need to be addressed. First, for ESS assessment we measured 
primary flow, but not secondary flow. Secondary flow contributes to ESS, so therefore we 
may have underestimated ESS. Second, we did not assess interscan reproducibility of ESS. 
Nonetheless, using the same methods we showed previously that ESS has excellent 
reproducibility.3 Third, we did not measure carotid wall thickness. However, since all 
subjects were young and healthy we did not expect to find any atherosclerotic lesions. 
Moreover, in none of the volunteers we observed lumen stenosis.

CONCLUSION
In the current study we observed that postprandial hypertriglyceridemia induced by an oral 
fat-  and glucose load decreases carotid artery ESS. The decrease in ESS was associated with 
a decrease in blood viscosity and blood flow.  Our data yield clinical relevance, since low 
ESS is associated with endothelial dysfunction and atherosclerosis development. Therefore, 
ESS decrease following an acute meal challenge may be a contributing factor for 
atherogenesis in the postprandial state.
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