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Introduction: Systemic lupus erythematosus (SLE) is associated with premature

cardiovascular disease (CVD) and mortality, unexplained by traditional risk factors.

Impairment of microcirculation and vascular hemodynamics may represent early signs

of vascular affection. We hypothesized that studies of microcirculation and pulse waves

may provide additional information, compared to ultrasound (US) alone, for the detection

of early vascular disease in SLE.

Methods: Sixty well-characterized SLE-patients (52 women, eight men; mean age

43.21 ± 1.3 years) characterized by lupus nephritis (LN; n = 20), antiphospholipid

syndrome (APS; n = 20) or skin and joint involvement (n = 20) and 60 healthy controls

were included. Microcirculatory peak oxygen saturation (OxyP) was evaluated using a

novel combined laser Doppler flowmetry/diffuse reflectance spectroscopy method. Pulse

waves were recorded in the radial artery by the aid of applanation tonometry in order to

calculate central augmentation index (AIx75). Intima-media thickness (IMT) and plaque

occurrence were evaluated using high frequency US, in carotid and central arteries.

Results: Lower OxyP (84± 8 vs. 87± 5 %, p= 0.01) and higher AIx75 (17.3± 13.9 vs.

10.0 ± 14.2 %, p = 0.005) were seen in the SLE cohort. OxyP was inversely correlated

with IMT in internal carotid artery (ICA), (R = −0.32, p = 0.01). AIx75 correlated with IMT

in common carotid artery (CCA), (R = 0.36, p = 0.005), common femoral artery (CFA),

(R = 0.43, p = 0.001), and ICA (R = 0.27, p = 0.04). AIx75 correlated negatively with

OxyP (R = −0.29, p = 0.02). SLE-patients with plaque had lower OxyP values (80 ± 8

vs. 85 ± 7 %, p < 0.001) and higher AIx75 (23.0 ± 11.6 vs. 15.5 ± 14.2 %, p < 0.001)

compared to those without plaque.

Conclusion: Impaired microcirculation and vessel hemodynamics were observed in

SLE. These methods correlated with IMT and plaque occurrence. The importance of

early macro- and micro-circulatory vascular affection for increased risk of CVD in SLE will

be followed-up in future studies.

Keywords: SLE, microcirculation, augmentation index (AIx), ultrasound, intimal medial thickness (IMT),

microvascular dysfunction
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a multi-organ
autoimmune inflammatory disease primarily affecting young
females (1). Patients with SLE have an increased risk of
cardiovascular disease (CVD) with accelerated atherosclerosis
and higher mortality rates compared to the general population
(2, 3). In middle-aged female patients with SLE, the increased
risk for coronary heart disease can be as high as 50-fold (4).

To evaluate the risk of CVD, ultrasound (US) with
measurements of intima media thickness (IMT) constitutes a
validated and established method to assess early atherosclerosis
(5). Previous studies of cardiovascular risk in SLE, including
IMT and plaque assessment, have focused mainly on common
carotid artery (CCA), (3, 6, 7). In a previous study from
our group, we found an increased number of plaques in SLE
compared to age- and sex-matched healthy controls using high
frequency US of multiple vessel areas. In addition, we observed
increased wall thickness with predominantly medium echogenic
appearance in several arterial areas, predominantly in the aortic
arch (8). This appearance can be seen in several inflammatory
diseases (9, 10), with increasing age, (11) or as an early sign
of atherosclerosis (12). Compared to inflammatory vessel wall
appearance, atherosclerosis presents with a more heterogeneous,
irregular vessel wall thickness.

Arterial stiffness in large arteries is considered as a
decisive factor for systolic pressure and is a predictor of
cardiovascular events (13). Pulse wave analysis (PWA) presented
as augmentation index (AIx) is a measure of the universal
cardiovascular condition and is altered by changes in for instance
peripheral vascular tone and arterial stiffness.

According to prior studies (14), an increase in AIx has
predictive value for future cardiovascular events and mortality.
In hypertension, monitoring of AIx for risk assessment is
recommended, although aging is a contributing factor for arterial
stiffness (15). Earlier studies of women with SLE have indicated
increased stiffness of their elastic central arteries as measured
with pulse wave velocity (PWV), (16, 17). This may be one
factor contributing to the increased cardiovascular risk seen in
this cohort.

Several tools to assess microcirculation have been used
clinically, i.e., capillaroscopy, infrared thermography and
different laser techniques measuring microcirculation perfusion

Abbreviations: ACE, Angiotensin-converting enzyme; ACR, American college of
rheumatology; AIx, Augmentation Index; AIx75, Augmentation Index normalized
to heart rate 75; APS, Antiphospholipid syndrome; ARB, Angiotensin II receptor
blocker; AXA, Axillar artery; CCA, Common carotid artery; CFA, Common
femoral artery; DRS, Diffuse reflectance spectroscopy; hsCRP, High sensitive C-
reactive protein; CVD, Cardiovascular disease; HDL, High-density lipoprotein;
ICA, Internal carotid artery; IMT, Intima-media thickness; LDF, Laser Doppler
flowmetry; LDL, Low-density lipoprotein; LN, Lupus Nephritis; MCTD, Mixed
connective tissue disease; OxyP, Peak oxygen saturation; PWA, Pulse wave
analysis; PWV, Pulse wave velocity; PORH, Post occlusive reactive hyperemia;
SCA, Subclavian artery; SCAPIS, Swedish Cardiopulmonary BioImage Study; SFA,
Superficial femoral artery; SDI, SLICC Damage Index; SLICC, Systemic Lupus
International Collaborating Clinics; SLE, Systemic lupus erythemathosus; SLEDAI,
SLE disease activity index; US, Ultrasound.

(18). Studies with different types of laser-based measurements
to investigate microcirculation perfusion in SLE have been
performed, but studies are scarce (18–20).

For evaluation of microcirculation in the skin, we employed
a novel fiber-optic system that combines laser Doppler
flowmetry (LDF) and diffuse reflectance spectroscopy (DRS).
The system estimates red blood cell tissue fraction, speed
resolved perfusion and oxygen saturation (21, 22). Previous
studies using this method have shown that the system
can discriminate blood perfusion from different blood-flow
speeds (23), which may enable measurement of healthy and
dysfunctional microcirculatory flow. The system has also been
used to study microcirculatory perfusion in patients with type-
2 diabetes (24) and in the Swedish Cardiopulmonary bioImage
Study (SCAPIS), a large population-based cohort of men and
women aged 50–65 year (25).

The aim of this study was to assess vascular hemodynamics
in relation to macrocirculation in patients with SLE. We
hypothesized that microcirculation and pulse waves may provide
additional information, compared to ultrasound (US) alone, for
the detection of early vascular disease in SLE.

MATERIALS AND METHODS

Subjects
The study population (Supplementary Table 1) has previously
been described in detailed (8) and was part of a regional
Swedish quality register (26). Patients above 63 years of age were
excluded due to increased age-dependent background risk of
atherosclerosis (27), whereas only patients ≥23 years of age were
considered. In order to compose a balanced study population, the
60 patients were stratified into three phenotypic subgroups with
different manifestations of SLE. The subgroups were matched
between each other 1:1:1 according to sex and age; 20 cases met
the renal disorder ACR criterion, i.e., lupus nephritis (LN) in
the absence of antiphospholipid syndrome (APS); 20 cases met
the APS criteria (28) in the absence of LN; and 20 cases had
exclusively skin and joint involvement in the absence of LN and
APS (8, 26).

Acquired organ damage was assessed by the Systemic Lupus
International Collaborating Clinics (SLICC)/American College
of Rheumatology (ACR) damage index (SDI) and disease
activity by the SLE disease activity index 2000 (SLEDAI-2K)
for each patient, recorded from their closest regular visit to
rheumatologist (29, 30). Mean time between examination and
disease activity assessment was 3.8 months. 50/60 cases (83%)
were of Caucasian ancestry.

Sixty healthy age- and sex-matched (i.e., 1:1 to the 60
SLE cases), non-medicated (except for contraceptives) controls
without clinical signs of inflammatory or atherosclerotic disease,
were examined using the same protocol (US, microcirculation
and vascular hemodynamics) as for the patients. The healthy
controls were all of Caucasian ethnicity and hospital employees.

Background Variables
Height, weight, waist circumference and sagittal abdominal
diameter were measured in all subjects. Variables concerning
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FIGURE 1 | (A) The PeriFlux 6000 EPOS (Perimed) system with the probe (blue arrow) which was placed on the left forearm. (B) Oxygen saturation (%), baseline,

during arterial occlusion (between 5 and 10min), and in the post-ischemic. Red arrow denotes oxygen saturation peak.

FIGURE 2 | Pulse pressure waveform, T0 indicates the start of the waveform;

T1, duration from start of waveform to the first peak (outgoing pressure wave);

T2, duration from start of waveform to the second peak (reflected pressure

wave); ED, ejection duration; SP, central aortic systolic pressure; DP, central

aortic diastolic pressure; P1, height difference between the minimum pressure

and the pressure at the first peak; 1P, difference between maximal pressure

(central aortic systolic pressure) and P1, pressure at the first peak; PP, pulse

pressure; and AIx, augmentation index. Image with permission from AtCor

Medical.

age, sex, smoking habits, physical activity, and ongoing
pharmacotherapy were collected by oral request and medical
records. Physical activity was defined as activity with increased
heart rate (occasions/week). Blood pressure was determined with
oscillometric technique (Dinamap PRO 200 Monitor, Critikon,
Tampa, FL, USA).

Microcirculation
Microcirculatory oxygen saturation was assessed with PeriFlux
6000 EPOS system (Enhanced Perfusion and Oxygen Saturation,
Perimed, Järfälla, Sweden). A sphygmomanometer cuff was

placed on the left upper arm, the probe (with both DRS and
LDF) of the EPOS system (Figure 1A) was attached on the left
forearm, ∼10 cm below the cuff. A baseline measurement period
of 5min was followed by a 5-min suprasystolic occlusion of the
upper arm ending with a 5-min post-ischemic measurement.
Assessment of peak oxygen saturation was performed in the post-
occlusive reactive hyperemia phase (PORH), (Figure 1B). PORH
refers to the increase in blood flow that follows vascular occlusion
involving endothelial vasodilatation. Based on the results of
Jonasson et al., OxyP was selected as the most robust value to
report (25, 31). This parameter reflects overall microcirculatory
function associated with vasodilator capacity and is better than
perfusion values to discriminate between diseased patients and
healthy controls.

Pulse Wave Analysis
PWA was performed with applanation tonometry
(SphygmoCor R© system, model MM3, AtCor Medical, Sydney,
Australia), of the right radial artery. The locally recorded
peripheral pressure waveform is traced by partly compressing the
artery with an external high fidelity pressure probe (tonometer).
Augmentation index adjusted to heart rate 75 (AIx75) was
calculated. AIx is defined as [(Difference between the second
and first systolic peak pressure)/Pulse Pressure] x100. This index
denotes the relative aortic pulse pressure amplification in late
systole from reflection waves (Figure 2). All measurements were
made in at least duplicate, a mean of two reliable measurements
(defined and calculated by SphygmoCor software as “operator
index”) was calculated (32).

Ultrasound
Ultrasound measurements were performed with a GE Logic E9
US system (LOGIQ E9 XDclear 2.0 General Electric Medical
Systems US, Wauwatosa, WI, USA) with L2-9 MHz and C1-6
MHz transducers. IMT was measured in the common carotid
artery (CCA), internal carotid artery (ICA), subclavian artery
(SCA), axillar artery (AxA), common femoral artery (CFA),
superficial femoral artery (SFA) and the aortic arch. Both
sides were investigated. The procedure of IMT measurements
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TABLE 1 | Detailed characteristics of included patients and controls presented as

mean ± SD or n (%).

All SLE (n = 60) Controls (n = 60)

Mean ± SD Mean ± SD

Background variables

Age at examination (years) 43.2 ± 11.3 43.01 ± 11.4

Female gender, n (%) 52 (87) 52 (87)

Duration of SLE (years) 12.0 ± 9.4 N/A

SDI 0.8 ± 1.1 N/A

SLEDAI-2K 2.0 ± 2.1 N/A

Serologically active clinically

quiescent SLE, n (%)

29 (48) N/A

Lupus nephritis, n 20 N/A

APS, n 20 N/A

Skin & Joint, n 20 N/A

Traditional risk factors

and laboratory data

Body mass index (BMI)

(kg/m²)

26.0 ± 4.2** 24.0 ± 3.3

Waist circumference (cm) 92.4 ± 12.1*** 83.0 ± 10.0

Sagittal abdominal diameter

(cm)

20.6 ± 3.9** 18.8 ± 2.7

Ever smoker (former or

current), n (%)

14 (23) *** 0

Physical activity

(times/week)

1.4 ± 1.6 1.8 ± 1.7

Systolic blood pressure

(mm Hg)

115 ± 26 112 ± 18

Diastolic blood pressure

(mm Hg)

73 ± 11* 68 ± 8

Diabetes mellitus, n (%) 1 (2) 0

Raynaud’s phenomenon, n

(%)

16 (27) 9 (15)

Estimated glomerular

filtration rate (mL/min/1,73

m²)

84 ± 16 Not available

Total cholesterol (mmol/L) 4.7 ± 1.0 4.9 ± 1.1

High-density lipoprotein

(HDL) (mmol/L)

1.6 ± 0.5 1.7 ± 0.4

Low-density lipoprotein

(LDL) (mmol/L)

2.6 ± 0.8 2.6 ± 0.9

Triglycerides (TG) (mmol/L) 1.1 ± 0.7 1.2 ± 0.6

Anti-dsDNA (IU/mL) 86 ± 200 N/A

Complement protein 3 (g/L) 1.0 ± 0.2 N/A

Complement protein 4 (g/L) 0.2 ± 0.1 N/A

High-sensitivity CRP (mg/L) 2.2 ± 2.8 2.0 ± 3.7

Medical treatment,

ongoing

Antimalarial agents, n (%) 54 (90) 0

Antihypertensives, n (%) 20 (33) 0

Beta-blockers, n (%) 5 (8) 0

ARB/ACE inhibitors, n (%) 15 (25) 0

Other antihypertensives,

n (%)

4 (7) 0

Glucocorticoid therapy n (%) 31 (52) 0

(Continued)

TABLE 1 | Continued

All SLE (n = 60) Controls (n = 60)

Mean ± SD Mean ± SD

Mean daily Prednisolone

dose (mg)

4.5 0

Warfarin therapy, n (%) 11 (18) 0

Antiplatelet therapy, n (%) 11 (18) 0

Statin therapy n (%) 5 (8) 0

DMARD therapy, n (%) 27 (45) 0

Mycophenolate mofetil,

n (%)

16 (27) 0

Methotrexate, n (%) 5 (8) 0

Azathioprine, n (%) 3 (5) 0

Sirolimus, n (%) 2 (3) 0

Dehydroepiandrosterone,

n (%)

1 (2) 0

Biologics, n (%) 4 (7) 0

Bortezomib, n (%) 1 (2) 0

Rituximab, n (%) 1 (2) 0

Belimumab, n (%) 2 (3) 0

SLE patients compared to all controls.*p<0.05, **p<0.01, ***p<0.001.

ACE, angiotensin converting enzyme; APS, Antiphospholipid syndrome; ARB, angiotensin

II receptor blocker; CRP, C-reactive protein; DMARDs, Disease Modifying Anti-Rheumatic

Drugs; LN, lupus nephritis; N/A, not applicable; SDI, SLICC/ACR damage index; SLE,

Systemic lupus erythematosus.

has been described previously (8). The IMT cut-off value of
≥0.9mm in CCA was chosen due to the latest ESH/ESC
hypertension guidelines (33). For the aortic arch a higher cut-
off value (≥1.2mm) was chosen due to generally higher aortic
arch IMT values among our healthy controls and according
to results from earlier studies (34). Subjective vessel wall
assessment regarding wall appearance and plaque occurrence
was performed in carotid and central arteries as described
earlier (8).

Laboratory Measurements
As previously described (8), standard cardiovascular and
inflammatory laboratory tests, including lipid profile, plasma
creatinine and C-reactive protein with high-sensitive technique
(hsCRP), anti-double-stranded DNA antibodies, and plasma
complement protein 3 (C3) and 4 (C4), were controlled for at the
closest regular visit to rheumatologist (35).

Examination Procedure
The participant had to rest 15min before the test,
which was performed in a room with a temperature
of 25◦C, dim lighting and no outer disturbances. A
standardized examination procedure was used in all
individuals. The examination procedure started with
US measurements followed by bilateral blood pressure
measurements and pulse wave analysis of the right radial
artery. The examination procedure ended with evaluation
of microcirculation.
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All participants were asked to refrain from coffee and nicotine
use 4 h prior to the measurements.

The same vascular sonographer performed all physiologic
examinations and the following off-line measurements. The
sonographer was blinded to which subgroup of SLE the patients
belonged, but not to whether the participants were patients
or controls.

Statistical Methods
AIx75, OxyP and IMT are presented as mean ± SD. Differences
between the whole SLE group and controls were calculated using
Student’s t-test. χ2 test was performed for categorical variables.
Differences between subgroups were calculated using one-way
ANOVA with Bonferroni post hoc test. Pearson’s correlation
test, as well as univariate linear regression were used to test
any relationship between AIx75 and OxyP and each of the
variables in Table 1. Multivariate linear and logistic regression
were used to examine factors explaining AIx75 and OxyP. All
variables significant in the univariate model were combined and
a stepwise procedure was performed eliminating non-significant
(p ≥ 0.05) variables until a multiple model with only significant
variables remained. For missing data, no imputation analysis
was performed. Statistical analyses were performed using SPSS
version 25.0 (IBM, Armonk, NY USA).

Ethics Considerations
Oral and written informed consent was obtained from all
patients and healthy controls. The study protocol was performed
according to the Declaration of Helsinki and approved by the
Regional Ethics Board in Linköping (ref.M75-08, 2013/33-31 and
ref. 2017/572-32).

RESULTS

Basic demographics, laboratory data and ongoing medical
therapies are shown in Table 1. Seventeen of the 60 patients
(28%) had low-density lipoprotein (LDL) levels >3.0 mmol/L),
but all patients on regular statin therapy (n = 5) showed
LDL levels ≤2.7 mmol/L. No significant differences were seen
between SLE and controls except for body mass index (BMI),
waist circumference, sagittal abdominal diameter, diastolic blood
pressure and smoking habits.

Microcirculation and Pulse Wave Analysis
The average OxyP of the entire SLE group was significantly
decreased compared to controls 84 ± 8 vs. 87 ± 5 % (p =

0.01). No significant differences with regard to the phenotypic
SLE subgroups were found, although the LN group had the
lowest values (82 ± 10 %). AIx75 values were increased in
SLE patients compared to controls (17.3 ± 13.9 vs. 10.0 ±

14.2 %, p = 0.005). No significant differences with regard
to the phenotypic subgroups were found, although the APS
group showed the highest values (18.8 ± 15.2 %). When
comparing gender, no significant differences were found for
OxyP, whereas AIx75 differed significantly. AIx75 in females was
19.0 ± 13.7 vs. men 6.8 ± 10.7 % (p < 0.001). In controls,
AIx75 for females was 11.6 ± 13.3 vs. men −0.6 ± 15.8 %
(p= 0.02).

A significant inverse correlation was observed between OxyP
and AIx75 (R=−0,29, p= 0.02).

OxyP and AIx75 in Relation to IMT
OxyP was inversely correlated with IMT in ICA, (R=−0.32, p=
0.01). IMT in other vessel areas was not correlated with OxyP.

We observed a difference in OxyP between (1) controls, (2)
patients with normal IMT in the aortic arch without plaque, (3)
patients with increased IMT in the aortic arch without plaque,
and (4) patients with plaque (87 ± 5, 87 ± 6, 83 ± 9, 80 ±

8 %, respectively, p = 0.001). As demonstrated in Figure 3A, a
significant difference was seen between controls and patients with
plaque, and between patients with normal IMT in the aortic arch
without plaque and patients with plaque.

AIx75 correlated with IMT in CCA (R= 0.36, p= 0.005), CFA
(R = 0.43, p = 0.001) and ICA (R = 0.27, p = 0.04). Other vessel
areas showed no significant correlation with AIx75.

AIx75 in the groups mentioned above were 8.9± 15.0, 13.9±
13.8, 18.2 ± 14.7, and 23.1 ± 11.7 %, respectively, (p = 0.04).
AIx75 differ significantly between controls and patients with
plaque (Figure 3B).

When comparing patients with or without plaque,
regardless of normal or increased IMT in the aortic
arch, the group with plaque had lower OxyP values
(80 ± 8 vs. 85 ± 7 %, p < 0.001) and higher AIx75
(23.0 ± 11.6 vs. 15.5 ± 14.2 %, p < 0.001) compared
to those without plaque.

Relation of OxyP to Traditional and SLE
Associated Risk Factors
Relation between OxyP and traditional and disease associated
risk factors are shown in Table 2. In the univariate
analysis of OxyP, waist circumference, sagittal abdominal
diameter, presence of Raynaud’s phenomenon, angiotensin
II receptor blocker (ARB)/angiotensin-converting enzyme
(ACE) inhibitor treatment, and statin therapy, were related
to OxyP. However, when all significant variables were
included in a multiple linear regression model, only the
presence of Raynaud’s phenomenon (p = 0.04) and statin
therapy (p = 0.001) were negatively associated with OxyP
(R= 0.51).

OxyP was not associated with age (Figure 3C), duration of
SLE, SDI, SLEDAI-2K, C3, C4 or anti-dsDNA levels.

Self-reported physical activity (occasions/week) were not
associated with OxyP, neither in SLE nor in controls.

Relation of AIx75 to Traditional and SLE
Associated Risk Factors
Relation between AIx75 and traditional and disease associated
risk factors are shown in Table 2. In the univariate analysis of
AIx75, age, female sex, SLE duration, SDI, waist circumference,
sagittal abdominal diameter, diastolic blood pressure, total
cholesterol, high- density lipoprotein (HDL), triglycerids,
C3/C4, hsCRP and beta-blocking therapy, correlated with
AIx75. eGFR and physical activity correlated negatively
with AIx75.
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FIGURE 3 | (A) OxyP (%) among patients and controls shown in relation to increased IMT in the aortic arch and plaque occurrence. Two controls with plaque were

excluded in the figure. IMT, intima media thickness; OxyP, peak oxygen saturation; SLE, systemic lupus erythematosus. (B) AIx75 (%) among patients and controls

shown in relation to increased IMT in the aortic arch and plaque occurrence. Two controls with plaque were excluded in the figure. IMT, intima media thickness; SLE,

systemic lupus erythematosus. (C) OxyP among patients and controls shown in relation to age, SLE; R = −0.22 (ns), Controls; R = 0.02 (ns), (D) AIx75 (%) among

patients and controls shown in relation to age. SLE R = 0.63 (p < 0.001); Controls R = 0.56 (p < 0.001). **p < 0.01.

When all significant variables were included in a multiple
linear regression model, age (Figure 3D), (p < 0.001), female sex
(p < 0.001) and diastolic blood pressure (p < 0.001) remained as
significant risk factors for AIx75 (R= 0.63).

There was a significant difference in AIx75 in relation
to self-reported physical activity in SLE. For no physical
activity AIx75 was 19.4 ± 13.1 % (n = 31), for physical
activity 1–3 times/week 18.31 ± 2.5 % (n = 23), and
for physical activity ≥4 times/week 3.1 ± 17.1 % (n =

6), (p = 0.02). In the controls, no significant differences
were seen.

Age Impairment on OxyP and AIx75 in SLE
and Healthy Controls
As OxyP was lower, and AIx75 was higher, in SLE patients
compared to controls, and as OxyP tended to decrease with age
in SLE but not in controls (Figure 3C), we analyzed OxyP and
AIx75 in different age groups (Figures 4A,B). In SLE, decreased
OxyP levels were found in all age groups (p < 0.001). Increased
AIx75 levels were found in three of four age groups (p < 0.001,
ns in the youngest group).

DISCUSSION

This study of well-characterized SLE patients with clinically
low disease activity showed impaired microcirculatory reactivity
assessed by OxyP, and signs of premature arterial aging assessed
by pulse wave recordings, when compared to healthy controls.
Significant correlations with IMT in different vascular areas and
plaque occurrence were also detected.

For assessment of microcirculation in SLE, prior studies have
used different methods such as capillaroscopy, laser imaging
techniques and infrared thermography (18).

In this study we used a novel fiber-optic method
combining LDF/DRS for estimating oxygen saturation in
the microcirculation of the skin in absolute units (21, 22).
Microcirculatory function measures peak oxygen saturation after
arterial occlusion. The post-occlusive reactive hyperemia phase
refers to the increase in blood flow that mirror the endothelial
vasodilatation function. The method is new but validated (23)
and can detect disturbed microcirculatory flow in the skin not
previously described for this patient group.

We observed that patients with SLE had impaired
microcirculation as reflected by OxyP, compared to healthy
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TABLE 2 | OxyP and AIx75 related to background variables, traditional risk factors, laboratory tests and medical treatment in a univariate regression model among all 60

patients with SLE.

All SLE (n = 60) OxyP AIx75

B p-value B p-value

Background variables

Age at examiantion (years) −0.150 NS 0.776 <0.001

Male gender 0.050 NS −12.149 0.020

Duration of SLE (years) −0.082 NS 0.529 0.005

SLICC/ACR damage index 0.105 NS 3.444 0.030

APS 1.139 NS 2.150 NS

LN −2.315 NS −1.075 NS

Skin & Joint 1.177 NS −1.075 NS

Traditional risk factors and laboratory tests

Body mass index (BMI) (kg/m²) −0.274 NS 0.665 NS

Waist circumference (cm) −0.632 0.010 0.987 0.030

Sagittal abdominal diameter (cm) −0.175 0.040 0.404 0.006

Ever smoker (former or current) −3.387 NS 0.905 NS

Physical activity (occasions/week) 1.141 NS −2.375 0.034

Systolic blood pressure (mm Hg) −0.044 NS 0.104 NS

Diastolic blood pressure (mm Hg) −0.111 NS 0.774 <0.001

Raynaud’s phenomenon −5.811 0.010 5.415 NS

Estimated glomerular filtration rate (mL/min/1,73 m²) 0.039 NS −0.347 0.002

Total cholesterol (mmol/L) −0.640 NS 6.176 0.001

High-density lipoprotein (HDL) (mmol/L) −0.201 NS 9.734 0.013

Low-density lipoprotein (LDL) (mmol/L) −0.259 NS 3.567 NS

Triglycerides (TG) (mmol/L) −1.828 NS 6.188 0.010

Anti-dsDNA (IU/mL) −0.004 NS −0.013 NS

Complement protein 3 (g/l) −5.697 NS 0.354 0.006

Complement protein 4 (g/l) −15.669 NS 0.262 0.040

High-sensitivity (hs) CRP (mg/L) −0.021 NS 1.410 0.030

Medical treatment, ongoing

Antimalarial agents −4.899 NS −0.176 NS

Antihypertensives −2.138 NS 0.003 NS

Beta-blockers −3.792 NS 13.700 0.030

ARB/ACE inhibitors −6.492 0.005 2.567 NS

Other antihypertensives −4.752 NS 6.732 NS

Glucocorticoid therapy −3.519 0.080 1.896 NS

Mean daily dose (mg) −0.712 0.070 −0.129 NS

Warfarin therapy −2.033 NS −1.420 NS

Antiplatelet therapy 0.176 NS 0.214 NS

Statin therapy −12.727 <0.001 11.409 NS

DMARD therapy −3.627 NS −0.328 NS

Red boxes denote variables remaining significant in multiple analysis. Bold p-values represent p < 0.001. OxyP, Peak oxygen saturation; AIx75, Augmentation Index correlated for

heart frequency 75; ACE, angiotensin converting enzyme; APS, antiphospholipid syndrome; ARB, angiotensin II receptor- blocker; B, Beta coefficient; CRP, C-reactive protein; DMARD,

Disease Modifying Anti-Rheumatic Drugs; LN, Lupus nephritis.

controls. In healthy controls, the OxyP value were relatively
stable regardless of age, whereas OxyP tended to decrease with
age in patients with SLE. Stücker et al., using high-resolution
two-dimensional laser Doppler perfusion imaging in a healthy
group could not find age-related differences in microcirculatory
perfusion (36).

Jonasson et al. demonstrated that microcirculatory perfusion
is reduced in diabetic patients independent of microvascular

changes in the kidneys and large-vessel stiffness (24). In the large
population-based Swedish study SCAPIS, Jonasson et al. have
shown that age and sex are important variables to consider in
studies of microvascular function. They further analyzed groups
with diabetes, hypertension and dyslipedemia and found that all
these groups had lower OxyP levels compared to subjects without
these diseases. The diabetic patients had the lowest values, which
is in line with SLE patients in our study. The patients with
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FIGURE 4 | (A) Microcirculation reflected by OxyP (%) decreases with age in SLE patients but not in controls, *** p < 0.001. (B) AIx75 (%) among patients and

controls shown in relation to age groups, *** p < 0.001.

hypertension or dyslipidemia showed slightly higher levels, but
still decreased compared to patient without these diseases. They
also observed that women had higher OxyP compared to men
and that age influenced the value (25). Herein, we observed
impaired OxyP also in patients of younger age.

Our study showed that reduced OxyP was negatively
correlated with waist circumference, sagittal abdominal diameter,
presence of Raynaud’s phenomenon, as well as ARB/ACE
inhibitor and statin therapy in the univariate analysis. In the
multivariate analysis only presence of Raynaud’s and use of
statins remained as negatively correlating factors. However, it
should be noted that statin therapy in the study population
was prescribed as either primary or secondary prophylaxis.
Mosdósi et al. investigated skin perfusion in finger with laser
Doppler technology in adolescents with Raynaud’s and reported
altered heat-induced cutaneous hyperaemia responses (37).
Thus, microcirculation is impaired in patients with Raynaud’s,
also when examined on the upper arm.

Statin therapy has been reported to impair hyperemic blood
flow measured with laser Doppler (38). One explanation of
our results may be that statin therapy represents dyslipidemia
possibly not treated in all aspects. Dyslipdemia in SLE is often
characterized by hypertriglyceridemia and decreased levels of
high-density lipoprotein cholesterol (39). In active SLE, the
atherogenic lipoprotein profile may result in accumulation of
triglyceride-rich proteins and development of small and dense
low-density lipoprotein-cholesterol particles (40–42).

The possible mechanism of microvascular abnormalities in
SLE include autoantibodies forming immune complexes that
deposit in small vessels and activate endothelial cells (18).
However, SLE-associated risk factors such as disease duration,
acquired organ damage (SDI), disease activity (SLEDAI-2K), C3,
C4 or anti-dsDNA levels did not correlate with OxyP.

Increased AIx75 was observed in the SLE group compared
to controls. Belizna et al. reported that patients with APS, both
primary and secondary had a significantly higher prevalence
of increased IMT, arterial stiffness, and presence of plaques,
independent of known cardiovascular risk factors, compared
with controls (43). Possibly, due to the low number of APS

patients (n = 20), our study could not detect any association
of APS and these parameters. Brodszki et al. demonstrated
that vascular stiffness was associated with SLE irrespective
of secondary vasculitis or not. They suggested that other
mechanisms such as shifts in the collagen/elastin ratios, besides
atherosclerosis might be involved in the pathogenesis of arterial
stiffness in SLE (44). Both these studies used US to evaluate
stiffness in large arteries.

Stortz et al. used evaluation of carotid-femoral PWV in
patients with SLE, and showed an independent correlation
between eGFR and PWV in SLE patients, and they found no
difference between SLE and healthy controls (45). Another study
using PWV demonstrated significantly higher aortic stiffness in
patients with mixed connective tissue disease (MCTD) (46). In
the present study, we used pulse wave analysis with tonometry
of the radial artery, which is a muscular artery. This method
can be used as a surrogate measure for arterial stiffness and
cardiovascular risk (13). PWA is widely used to evaluate vascular
properties, as it reflects the condition of the entire arterial system.
The method is valuable, validated, and used for monitoring of
hypertension (15). In a large population study on patients with
low risk of CVD, Janner et al. showed that AIx reaches a plateau
after 60 years of age, suggesting that AIx may be a better marker
of CVD risk in younger subjects (47).

However, AIx is altered by changes in peripheral vascular tone
and arterial stiffness, and measurement of PWV is needed for
direct assessment of arterial stiffness.

A previous study, which included post-menopausal women
with SLE, observed higher aortic PWV while central blood
pressure and AIx were essentially unaltered (16). This may imply
that PWV is a more sensitive tool for revealing early alteration
in arterial wall geometry and function in subjects with SLE,
while the later stiffening of central elastic arteries also shifts the
reflection sites more distally. It is thus plausible that patients with
SLE reaches their AIx plateau at an earlier age while controls
still increase their augmentation to catch up the gap at higher
age. Shang et al. used AIx to measure arterial stiffness and found
an association with global disease activity assessed by SLEDAI-
2K (48).
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Increased arterial stiffness, including increased AIx,
has been reported with increasing age, hypertension,
hypercholesterolemia, end stage renal disease, and diabetes
(49). However, gender is also a factor to include (50). When all
significant variables were included in a multiple linear regression
model in our study, age, female sex, and diastolic blood pressure
remained as significant risk factors for AIx75. For younger
women arterial stiffness is lower than in aged-matched men, but
this sex difference reverses during aging (51). We only had eight
men in the study and the age profile did not differ compared
to the women. AIx75 also correlated with IMT in multiple
vascular areas.

In our study, total cholesterol and triglycerides showed
association with AIx75 in the univariate, but not in the
multivariate, analyses. In contrast to healthy controls, vascular
stiffness was improved (lower AIx75) by physical activity in
univariate analysis. This finding should be further investigated.

Peak oxygen saturation correlated inversely with arterial
stiffness (AIx75) implying that both methods could add valuable
information regarding vascular status in SLE.

Although our study population was well-characterized, the
number of included subjects remained limited. Nevertheless, the
included number of patients were comparable with many other
studies investigating the increased risk of cardiovascular disease
in SLE (6, 8, 16, 17, 19, 43, 44–46, 48). We admit that both
BMI and smoking habits were different among SLE patients
compared to the controls. It cannot be excluded that these
differences might have affected the results over all. The present
study was based on the identical study population as our previous
study (8), which could be considered as a limitation. No specific
interventions were taken to avoid potential bias. However, the
topic herein was different (with focus on microcirculation and
vascular hemodynamics) and the collected data thus respond to
separate research questions.

Ethnicity of the study population constitutes another
limitation. Mainly Caucasian individuals were enrolled, and as
ethnicity is well known to affect SLE severity, extrapolation of
our results to other populations should be done with caution.
Evaluation of microcirculation could be difficult to compare
with established methods as the way of analyzing is completely
new. However, our method has been validated for various
diseases. Test-retest variability was not possible to study for the
microcirculation method as the hyperaemic phase could affect
a second measure. The described vascular methods are to some
degree operator dependent. However, as only one operator was
involved, at least the potential inter-operator dependent affection
on the results was eliminated.

CONCLUSION

In conclusion, our data suggest that adding non-invasive
measurements of microcirculation and pulse wave analysis to
standardized US of multiple arterial areas could be useful in the
detection of vascular status in SLE. Impaired microcirculation
as reflected by OxyP, and higher AIx were observed in SLE but

not among controls, and both methods correlated with IMT
and occurrence of plaque. The novel method with measurement
of OxyP has not previously been studied in this group of
patients but our results demonstrate that SLE patients have
impaired microcirculation even in the younger ages. Further
studies of microcirculation related to vascular hemodynamics
in comparison to established methods for evaluation of
cardiovascular risk in SLE are warranted.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/ Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Regional Ethics Board in Linköping (ref. M75-
08, 2013/33-31 and ref. 2017/572-32). The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

CSv, PE, CSj, and HZ contributed to the conception
of this study and the study design. CSv collected and
assembled data and wrote the original draft. CSv, PE,
CSj, HZ, HJ, TS, and NB contributed to the analysis
and interpretation of the data. All authors contributed
to the critical revision of the article for important
intellectual content and gave final approval of the article
for submission. All authors have seen and approved the
final text.

FUNDING

The study was supported by Region Östergötland (ALF grants),
the Swedish Rheumatism Association, the King Gustaf V’s 80-
year Anniversary Foundation, the King Gustaf V and Queen
Victoria’s Freemasons Foundation, the Gustafsson Foundation,
and Linköping University Hospital Research Funds.

ACKNOWLEDGMENTS

We acknowledge Marianne Petersson for logistic help when
planning and performing the study, for blood sampling
and for taking care of the patients and controls at their
visits to the Rheumatology unit. Senior Professor of
Rheumatology Thomas Skogh is acknowledged for kindly
reviewing the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.722758/full#supplementary-material

Frontiers in Medicine | www.frontiersin.org 9 November 2021 | Volume 8 | Article 722758

https://www.frontiersin.org/articles/10.3389/fmed.2021.722758/full#supplementary-material
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Svensson et al. Microcirculation vs. Macrocirculation in SLE

REFERENCES

1. Kaul A, Gordon C, Crow MK, Touma Z, Urowitz MB, van Vollenhoven
R, et al. Systemic lupus erythematosus. Nat Rev Dis Primers. (2016)
2:16039. doi: 10.1038/nrdp.2016.39

2. Bernatsky S, Boivin JF, Joseph L, Manzi S, Ginzler E, Gladman DD, et al.
Mortality in systemic lupus erythematosus. Arthritis Rheum. (2006) 54:2550–
7. doi: 10.1002/art.21955

3. Gustafsson JT, Herlitz Lindberg M, Gunnarsson I, Pettersson S,
Elvin K, Öhrvik J, et al. Excess atherosclerosis in systemic lupus
erythematosus,-A matter of renal involvement: Case control study
of 281 SLE patients and 281 individually matched population
controls. PLoS ONE. (2017) 12:e0174572. doi: 10.1371/journal.pone.01
74572

4. Manzi S, Meilahn EN, Rairie JE, Conte CG, Medsger TA Jr, Jansen-
McWilliams L, et al. Age-specific incidence rates of myocardial
infarction and angina in women with systemic lupus erythematosus:
comparison with the Framingham Study. Am J Epidemiol. (1997)
145:408–15. doi: 10.1093/oxfordjournals.aje.a009122

5. Pignoli P, Tremoli E, Poli A, Oreste P, Paoletti R. Intimal plus medial
thickness of the arterial wall: a direct measurement with ultrasound imaging.
Circulation. (1986) 74:1399–406. doi: 10.1161/01.CIR.74.6.1399

6. Ajeganova S, Hafström I, Frostegård J. Patients with SLE have higher
risk of cardiovascular events and mortality in comparison with controls
with the same levels of traditional risk factors and intima-media measures,
which is related to accumulated disease damage and antiphospholipid
syndrome: a case-control study over 10 years. Lupus Sci Med. (2021)
8:e000454. doi: 10.1136/lupus-2020-000454

7. Henrot P, Foret J, Barnetche T, Lazaro E, Duffau P, Seneschal J, et al.
Assessment of subclinical atherosclerosis in systemic lupus erythematosus:
A systematic review and meta-analysis. Joint Bone Spine. (2018) 85:155–
63. doi: 10.1016/j.jbspin.2017.12.009

8. Svensson C, Eriksson P, Zachrisson H, Sjöwall C. High-frequency ultrasound
of multiple arterial areas reveals increased intima media thickness, vessel
wall appearance, and atherosclerotic plaques in systemic lupus erythematosus.
Front Med (Lausanne). (2020) 7:581336. doi: 10.3389/fmed.2020.581336

9. Schmidt WA. Role of ultrasound in the understanding and
management of vasculitis. Ther Adv Musculoskelet Dis. (2014) 6:39–47.
doi: 10.1177/1759720X13512256

10. Sun Y, Yip PK, Jeng JS, et al. Ultrasonographic study and long-
term follow-up of Takayasu’s arteritis. Stroke. (1996) 27:2178–
82. doi: 10.1161/01.STR.27.12.2178

11. van den Munckhof ICL, Jones H, Hopman MTE, de Graaf J, Nyakayiru J, van
Dijk B, et al. Relation between age and carotid artery intima-medial thickness:
a systematic review. Clin Cardiol. (2018) 41:698–704. doi: 10.1002/clc.22934

12. Qu B, Qu T. Causes of changes in carotid intima-media thickness: a literature
review. Cardiovasc Ultrasound. (2015) 13:46. doi: 10.1186/s12947-015-0041-4

13. Nürnberger J, Keflioglu-Scheiber A, Opazo Saez AM, Wenzel RR, Philipp
T, Schäfers RF. Augmentation index is associated with cardiovascular risk. J
Hypertens. (2002) 20:2407–14. doi: 10.1097/00004872-200212000-00020

14. Chirinos JA, Segers P, Hughes T, Townsend R. Large-Artery Stiffness in
Health and Disease: JACC State-of-the-Art Review. J Am Coll Cardiol. (2019)
74:1237–63. doi: 10.1016/j.jacc.2019.07.012

15. Butlin M, Qasem A. Large artery stiffness assessment using Sphygmocor
technology. Pulse (Basel). (2017) 4:180–92. doi: 10.1159/000452448

16. Bjarnegård N, Bengtsson C, Brodszki J, Sturfelt G, Nived O,
Länne T. Increased aortic pulse wave velocity in middle aged
women with systemic lupus erythematosus. Lupus. (2006)
15:644–50. doi: 10.1177/0961203306071402

17. Sacre K, Escoubet B, Pasquet B, Chauveheid MP, Zennaro MC, Tubach F, et
al. Increased arterial stiffness in systemic lupus erythematosus (SLE) patients
at low risk for cardiovascular disease: a cross-sectional controlled study. PLoS
ONE. (2014) 9:e94511. doi: 10.1371/journal.pone.0094511

18. Saygin D, Highland KB, Tonelli AR. Microvascular involvement in
systemic sclerosis and systemic lupus erythematosus.Microcirculation. (2019)
26:e12440. doi: 10.1111/micc.12440

19. Bengtsson C, Andersson SE, Edvinsson L, Edvinsson ML, Sturfelt G, Nived
O. Effect of medication on microvascular vasodilatation in patients with

systemic lupus erythematosus. Basic Clin Pharmacol Toxicol. (2010) 107:919–
24. doi: 10.1111/j.1742-7843.2010.00604.x

20. Murray AK, Herrick AL, King TA. Laser Doppler imaging: a developing
technique for application in the rheumatic diseases. Rheumatology (Oxford).

(2004) 43:1210–8. doi: 10.1093/rheumatology/keh275
21. Fredriksson I, Burdakov O, Larsson M, Strömberg T. Inverse Monte

Carlo in a multilayered tissue model: merging diffuse reflectance
spectroscopy and laser Doppler flowmetry. J Biomed Opt. (2013)
18:127004. doi: 10.1117/1.JBO.18.12.127004

22. Jonasson H, Fredriksson I, Pettersson A, Larsson M, Strömberg T. Oxygen
saturation, red blood cell tissue fraction and speed resolved perfusion - A
new optical method for microcirculatory assessment. Microvasc Res. (2015)
102:70–7. doi: 10.1016/j.mvr.2015.08.006

23. Jonasson H, Fredriksson I, Larsson M, Strömberg T. Validation
of speed-resolved laser Doppler perfusion in a multimodal optical
system using a blood-flow phantom. J Biomed Opt. (2019)
24:1–8. doi: 10.1117/1.JBO.24.9.095002

24. Jonasson H, Bergstrand S, Nyström FH, Länne T, Östgren CJ, Bjarnegård N,
et al. Skin microvascular endothelial dysfunction is associated with type 2
diabetes independently of microalbuminuria and arterial stiffness. Diab Vasc

Dis Res. (2017) 14:363–71. doi: 10.1177/1479164117707706
25. Jonasson H, Bergstrand S, Fredriksson I, LarssonM, Östgren CJ, Strömberg T.

Normative data and the influence of age and sex on microcirculatory function
in a middle-aged cohort: results from the SCAPIS study. Am J Physiol Heart

Circ Physiol. (2020) 318:H908–15. doi: 10.1152/ajpheart.00668.2019
26. Ighe A, Dahlström Ö, Skogh T, Sjöwall C. Application of the 2012 Systemic

Lupus International Collaborating Clinics classification criteria to patients in
a regional Swedish systemic lupus erythematosus register. Arthritis Res Ther.
(2015) 17:3. doi: 10.1186/s13075-015-0521-9

27. Wang X, Li W, Song F, Wang L, Fu Q, Cao S, et al. Carotid atherosclerosis
detected by ultrasonography: a national cross-sectional study. J Am Heart

Assoc. (2018) 7:e008701. doi: 10.1161/JAHA.118.008701
28. Miyakis S, Lockshin MD, Atsumi T, Branch DW, Brey RL, Cervera R, et al.

International concensus statement on an update of the classification criteria
for definite antiphospholipid syndrome (APS). J Thromb Haemost. (2006)
4:295–306. doi: 10.1111/j.1538-7836.2006.01753.x

29. Gladman D, Ginzler E, Goldsmith C, Fortin P, Liang M, Urowitz M,
et al. The development and initial validation of the Systemic Lupus
International Collaborating Clinics/American College of Rheumatology
damage index for systemic lupus erythematosus. Arthritis Rheum. (1996)
39:363–69. doi: 10.1002/art.1780390303

30. Gladman DD, Ibanez D, Urowitz MB. Systemic lupus erythematosus disease
activity index 2000. J Rheumatol. (2002) 29:288–91.

31. Jonasson H., Fredriksson I., Bergstrand, S. Östgren, C.J., and Strömberg T.
Oxygen saturation in skin microcirculation as a predictor for cardiovascular
disease. Maastricht: 3rd ESM-EVBO Conference. (2019)

32. Frimodt-Møller M, Nielsen AH, Kamper AL, Strandgaard S.
Reproducibility of pulse-wave analysis and pulse-wave velocity
determination in chronic kidney disease. Nephrol Dial Transplant. (2008)
23:594–600. doi: 10.1093/ndt/gfm470

33. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Böhm M, et al.
ESH/ESC Guidelines for the management of arterial hypertension: The Task
Force for the management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology. J Hypertens.
(2013) 31:1281–57. doi: 10.1097/01.hjh.0000431740.32696.cc

34. Bulut A, Acele A, Donmez Y, Pekoz B C, ErdoganM, Sumbul H E, et al. Aortic
intima-media thickness can be used to determine target organ damage in adult
patients with coronary artery disease risk factors.ArchMed Sci Atheroscler Dis.

(2019) 4:e183–90. doi: 10.5114/amsad.2019.87002
35. Enocsson H, Wirestam L, Dahle C, Padyukov L, Jönsen A, Urowitz

MB, et al. Soluble urokinase plasminogen activator receptor (suPAR)
levels predict damage accrual in patients with recent-onset systemic lupus
erythematosus. J Autoimmun. (2020) 106:102340. doi: 10.1016/j.jaut.2019.
102340

36. Stücker M, Steinberg J, Memmel U, Avermaete A, Hoffmann K, Altmeyer
P. Differences in the two-dimensionally measured laser Doppler flow at
different skin localisations. Skin Pharmacol Appl Skin Physiol. (2001) 14:44–
51. doi: 10.1159/000056333

Frontiers in Medicine | www.frontiersin.org 10 November 2021 | Volume 8 | Article 722758

https://doi.org/10.1038/nrdp.2016.39
https://doi.org/10.1002/art.21955
https://doi.org/10.1371/journal.pone.0174572
https://doi.org/10.1093/oxfordjournals.aje.a009122
https://doi.org/10.1161/01.CIR.74.6.1399
https://doi.org/10.1136/lupus-2020-000454
https://doi.org/10.1016/j.jbspin.2017.12.009
https://doi.org/10.3389/fmed.2020.581336
https://doi.org/10.1177/1759720X13512256
https://doi.org/10.1161/01.STR.27.12.2178
https://doi.org/10.1002/clc.22934
https://doi.org/10.1186/s12947-015-0041-4
https://doi.org/10.1097/00004872-200212000-00020
https://doi.org/10.1016/j.jacc.2019.07.012
https://doi.org/10.1159/000452448
https://doi.org/10.1177/0961203306071402
https://doi.org/10.1371/journal.pone.0094511
https://doi.org/10.1111/micc.12440
https://doi.org/10.1111/j.1742-7843.2010.00604.x
https://doi.org/10.1093/rheumatology/keh275
https://doi.org/10.1117/1.JBO.18.12.127004
https://doi.org/10.1016/j.mvr.2015.08.006
https://doi.org/10.1117/1.JBO.24.9.095002
https://doi.org/10.1177/1479164117707706
https://doi.org/10.1152/ajpheart.00668.2019
https://doi.org/10.1186/s13075-015-0521-9
https://doi.org/10.1161/JAHA.118.008701
https://doi.org/10.1111/j.1538-7836.2006.01753.x
https://doi.org/10.1002/art.1780390303
https://doi.org/10.1093/ndt/gfm470
https://doi.org/10.1097/01.hjh.0000431740.32696.cc
https://doi.org/10.5114/amsad.2019.87002
https://doi.org/10.1016/j.jaut.2019.102340
https://doi.org/10.1159/000056333
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Svensson et al. Microcirculation vs. Macrocirculation in SLE

37. Mosdósi B, Bölcskei K, Helyes Z. Impairment of microcirculation and vascular
responsiveness in adolescents with primary Raynaud phenomenon. Pediatr
Rheumatol Online J. (2018) 16:20. doi: 10.1186/s12969-018-0237-x

38. Binggeli C, Spieker LE, Corti R, Sudano I, Stojanovic V, Hayoz
D, et al. Statins enhance postischemic hyperemia in the skin
circulation of hypercholesterolemic patients: a monitoring test of
endothelial dysfunction for clinical practice? J Am Coll Cardiol. (2003)
42:71–7. doi: 10.1016/S0735-1097(03)00505-9

39. Borba EF, Bonfá E. Dyslipoproteinemias in systemic lupus erythematosus:
influence of disease, activity, and anticardiolipin antibodies. Lupus. (1997)
6:533–9. doi: 10.1177/096120339700600610

40. Reichlin M, Fesmire J, Quintero-Del-Rio AI, Wolfson-Reichlin M.
Autoantibodies to lipoprotein lipase and dyslipidemia in systemic lupus
erythematosus. Arthritis Rheum. (2002) 46:2957–63. doi: 10.1002/art.10624

41. Austin MA. Triglyceride, small, dense low-density lipoprotein, and the
atherogenic lipoprotein phenotype. Curr Atheroscler Rep. (2000) 2:200–
7. doi: 10.1007/s11883-000-0021-4

42. Szabó MZ, Szodoray P, Kiss E. Dyslipidemia in systemic lupus erythematosus.
Immunol Res. (2017) 65:543–50. doi: 10.1007/s12026-016-8892-9

43. Belizna CC, Richard V, Primard E, Kerleau JM, Cailleux N, Louvel
JP, et al. Early atheroma in primary and secondary antiphospholipid
syndrome: an intrinsic finding. Semin Arthritis Rheum. (2008) 37:373–
80. doi: 10.1016/j.semarthrit.2007.08.002

44. Brodszki J, Bengtsson C, Länne T, Nived O, Sturfelt
G, Marsál K. Abnormal mechanical properties of larger
arteries in postmenopausal women with systemic lupus
erythematosus. Lupus. (2004) 13:917–23. doi: 10.1191/0961203304lu
2033oa

45. Stortz M, Triantafyllias K, Schwarting A, Weinmann-Menke J. Vascular
stiffness: influencing factors on carotid-femoral pulse wave velocity in
systemic lupus erythematosus. Clin Exp Rheumatol. (2020) 38:74–81.

46. Triantafyllias K, de Blasi M, Lütgendorf F, Cavagna L, Stortz M, Weinmann-
Menke J, et al. High cardiovascular risk in mixed connective tissue disease:
evaluation of macrovascular involvement and its predictors by aortic pulse
wave velocity. Clin Exp Rheumatol. (2019) 37:994–1002.

47. Janner JH, Godtfredsen NS, Ladelund S, Vestbo J, Prescott E. Aortic
augmentation index: reference values in a large unselected population
by means of the SphygmoCor device. Am J Hypertens. (2010) 23:180–
5. doi: 10.1038/ajh.2009.234

48. Shang Q, Tam L, Li E, Yip G, Yu C. Increased arterial
stiffness correlated with disease activity in systemic lupus
erythematosus. Lupus. (2008) 17:1096–102. doi: 10.1177/09612033080
92160

49. Nichols WW, Singh BM. Augmentation index as a measure
of peripheral vascular disease state. Curr Opin Cardiol. (2002)
17:543–51. doi: 10.1097/00001573-200209000-00016

50. DuPont JJ, Kenney RM, Patel AR, Jaffe IZ. Sex differences in mechanisms of
arterial stiffness. Br J Pharmacol. (2019) 176:4208–25. doi: 10.1111/bph.14624

51. Ogola BO, Zimmerman MA, Clark GL, Abshire CM, Gentry KM, Miller KS,
Lindsey SH. New insights into arterial stiffening: does sexmatter?Am J Physiol

Heart Circ Physiol. (2018) 315:H1073–87. doi: 10.1152/ajpheart.00132.2018

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Svensson, Eriksson, Bjarnegård, Jonasson, Strömberg, Sjöwall and

Zachrisson. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 11 November 2021 | Volume 8 | Article 722758

https://doi.org/10.1186/s12969-018-0237-x
https://doi.org/10.1016/S0735-1097(03)00505-9
https://doi.org/10.1177/096120339700600610
https://doi.org/10.1002/art.10624
https://doi.org/10.1007/s11883-000-0021-4
https://doi.org/10.1007/s12026-016-8892-9
https://doi.org/10.1016/j.semarthrit.2007.08.002
https://doi.org/10.1191/0961203304lu2033oa
https://doi.org/10.1038/ajh.2009.234
https://doi.org/10.1177/0961203308092160
https://doi.org/10.1097/00001573-200209000-00016
https://doi.org/10.1111/bph.14624
https://doi.org/10.1152/ajpheart.00132.2018~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Impaired Microcirculation and Vascular Hemodynamics in Relation to Macrocirculation in Patients With Systemic Lupus Erythematosus
	Introduction
	Materials and Methods
	Subjects
	Background Variables
	Microcirculation
	Pulse Wave Analysis
	Ultrasound
	Laboratory Measurements
	Examination Procedure
	Statistical Methods
	Ethics Considerations

	Results
	Microcirculation and Pulse Wave Analysis
	OxyP and AIx75 in Relation to IMT
	Relation of OxyP to Traditional and SLE Associated Risk Factors
	Relation of AIx75 to Traditional and SLE Associated Risk Factors
	Age Impairment on OxyP and AIx75 in SLE and Healthy Controls

	Discussion
	CONCLUSION
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


