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Abstract
Background  Diabetes is the leading cause of chronic kidney disease (CKD) and contributes to an elevated incidence 
of diastolic dysfunction in the early stages of CKD. Intracardiac vortex is a novel hemodynamic index for perceiving 
cardiac status. Here, we visualized left ventricular (LV) vortex characteristics using vector flow mapping (VFM) in type 2 
diabetic patients with early CKD.

Methods  This cross-sectional study included 67 controls and 89 type 2 diabetic patients with stages 2-3a CKD. All 
subjects underwent transthoracic echocardiographic examination. LV anterior vortex during early diastole (E-vortex), 
atrial contraction (A-vortex) and systole (S-vortex) were assessed using VFM in the apical long-axis view. Its relation to 
glycemia or LV filling echocardiographic parameters were further analyzed using correlation analysis.

Results  Type 2 diabetic patients with early CKD had a small area (439.94 ± 132.37 mm2 vs. 381.66 ± 136.85 mm2, 
P = 0.008) and weak circulation (0.0226 ± 0.0079 m2/s vs. 0.0195 ± 0.0070 m2/s, P = 0.013) of E-vortex, but a large 
area (281.52 ± 137.27 mm2 vs. 514.83 ± 160.33 mm2, P ˂ 0.001) and intense circulation (0.0149 ± 0.0069 m2/s vs. 
0.0250 ± 0.0067 m2/s, P < 0.001) of A-vortex compared to controls. CKD patients with poorly controlled hyperglycemia 
had stronger A-vortex (area: 479.06 ± 146.78 mm2 vs. 559.96 ± 159.27 mm2, P = 0.015; circulation: 0.0221 ± 0.0058 
m2/s vs. 0.0275 ± 0.0064 m2/s, P < 0.001) and S-vortex (area: 524.21 ± 165.52 mm2 vs. 607.87 ± 185.33 mm2, P = 0.029; 
circulation: 0.0174 ± 0.0072 m2/s vs. 0.0213 ± 0.0074 m2/s, P = 0.015), and a longer relative duration of S-vortex 
(0.7436 ± 0.0772 vs. 0.7845 ± 0.0752, P = 0.013) than those who had well-controlled hyperglycemia. Glycemia, and E/A 
(a LV filling parameter) were respectively found to had close correlation to the features of A-vortex and S-vortex (all P 
< 0.05).

Conclusions  Abnormal LV vortices were detected in type 2 diabetic patients with early CKD using VFM, especially 
in those who neglected hyperglycemic control. LV vortex might be a promising parameter to slow or halt the 
hyperglycemia-induced diastolic dysfunction in early CKD.
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Background
Type 2 diabetes is the most common cause of chronic 
kidney disease (CKD) worldwide, and carries with it a 
severe public health burden [1, 2]. Type 2 diabetic CKD 
induces significant abnormalities of cardiac anatomy 
and functions [3]. Thus, the cardiovascular morbidity 
in those patients is substantially high, even in the early 
stages [4, 5]. Myocardial stiffening due to hyperglycemia 
and hyperfiltration already appears and advances in early 
CKD, resulting in imperceptible subclinical diastolic dys-
function of heart without alteration in morphology [6–8]. 
These observations underscore the necessity for assess-
ing and managing the subclinical diastolic dysfunction of 
type 2 diabetic CKD patients in the early stages, when the 
best possibility of effective treatment exists.

Thanks to the rapid development of novel cardiac image 
techniques, increasing attentions have been recurrently 
dedicated to assessing cardiac flow patterns in multiple 
pathological conditions, with vortices playing an essen-
tial role among them, contribute to proper cardiac func-
tion [9, 10]. Cardiac vortex has been considered to play 
a critical role in avoiding energy loss that would appear 
in a chaotic distribution of cardiac blood flow [11, 12]. 
Additionally, vortex seems to be involved in atrioventric-
ular coupling and redirection of left ventricle (LV) inflow 
toward outflow tracts [13]. Vector flow mapping (VFM) 
has positive efficacy in visualization and quantification of 
vortices appearing in cardiac chambers, with a suitable 
clinical application owing to its convenient and non-inva-
sive characteristics [14]. The clinical value of intracar-
diac vortex was initially suggested in 2006, Gharib et al. 
showed that diastolic dysfunction can be “uniquely and 
sensitively” reflected by the early diastolic vortex forma-
tion [15]. Following this direction, a study including 62 
patients with diastolic dysfunction concluded that car-
diac vortices can be efficiently used to evaluate the grades 
of diastolic dysfunction [16]. Mounting studies suggested 
the diagnostic and prognostic significance of the VFM-
visualized vortices in cardiac functions [17–19], cardiac 
resynchronization therapy [20], coronary atherosclerotic 
heart disease [21] and heart valve disease [22, 23].

Vortex has been confirmed to provide intracardiac 
dynamic information in patients with Uremia (late stages 
CKD) using VFM and it might be a valuable supple-
ment for assessing LV function [24]. However, the vor-
tex behavior and its potential clinical value in early CKD 
patients remain unclear. In the absence of cardiac mor-
phological changes, it has been demonstrated that hemo-
dynamic abnormalities due to the subclinical diastolic 
dysfunction can exist in the heart of early CKD [7, 25]. 

Our work aimed to investigate the dynamic changes of LV 
vortex behavior using VFM in the type 2 diabetic patients 
with early CKD and to testify whether vortex is a poten-
tial way for observing the status of intracardiac blood 
flow and is useful for evaluating the diastolic dysfunc-
tion of those patients. Hyperglycemia, as the core clinical 
management target, has been considered to aggravate the 
progression of cardiac dysfunction in patients with dia-
betes and CKD [26]. Therefore, we further explored the 
effect of hyperglycemia on the cardiac vortex behavior in 
those patients. This study was expected to provide valu-
able clinical data on the diagnostic and prognostic signifi-
cance of LV vortices in the type 2 diabetic patients with 
early CKD.

Methods
Study population
Eighty-nine type 2 diabetic patients with early CKD in 
the First Hospital of Qinhuangdao and the Second Hos-
pital of Hebei Medical University from 2021 to 2022 were 
recruited to participate this cross-sectional study. The 
participants were male or female, 30–80 years of age, type 
2 diabetes with CKD stages 2-3a (estimated glomerular 
filtration rate 50–80 ml/min/1.73 m2), and had an estab-
lished diagnosis of diabetic nephropathy as the underly-
ing cause of renal disease. Exclusion criteria included 
inadequate echocardiographic visualization, non-diabetic 
CKD, essential hypertension, heart failure, any type of 
valvular heart disease, congenital heart disease, hypertro-
phic or restrictive cardiomyopathies, myocarditis, peri-
carditis, arrhythmia, tachycardia, or an unstable clinical 
or hemodynamic profile. Glycated hemoglobin (HbA1c) 
is a clinical parameter representing glycemia status. To 
investigate the effect of hyperglycemia on the LV vortex 
features in early CKD, the type 2 diabetic patients with 
early CKD were further divided into well-controlled 
hyperglycemia (W-HG, HbA1c ˂ 8.0% n = 41) and poorly 
controlled hyperglycemia (P-HG, HbA1c ≥ 8.0%, n = 48) 
subgroups according to the recommendation for glyce-
mic control in 2020 KDIGO clinical practice guideline 
[2]. Sixty-seven age- and sex-matched healthy subjects 
with no previous history of cardiovascular disease were 
enrolled as a control group.

The study was approved by the local medical Ethics 
Committee, and written informed consent was obtained 
from all participants. All procedures were in accordance 
with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Keywords  Left ventricular vortex, Vector flow mapping, Chronic kidney disease, Diastolic dysfunction, Glycemia, Early 
stages
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Transthoracic echocardiography
Two-dimensional and Doppler transthoracic echocar-
diography were satisfactorily performed by experienced 
sonographers in all subjects using a Pro-Sound F75 ultra-
sound device (Hitachi-Aloka Medical Ltd., Tokyo, Japan) 
with a UST-52105 probe (1–5  MHz). LV end-diastolic 
diameter (LVEDd) and LV end-systole diameter (LVEDs), 
were measured using M-mode in the parasternal long-
axis view. Then, LV end-diastolic volume (LVEDV), LV 
end-systolic volume (LVESV), and LV ejection fraction 
(LVEF) were automatically calculated according to the 
biplane Simpson’s method [27]. The early (E) and late (A) 
diastolic mitral inflow velocities, the early (e’) diastolic 
medial mitral annular velocities were measured in the 
apical four-chamber view according to the recommenda-
tions by the American Society of Echocardiography [27].

Vector flow mapping analysis
Color Doppler acquisitions were performed from the api-
cal long-axis view in VFM mode, with the Nyquist limit 
enhanced to mitigate aliasing phenomenon, while main-
taining a frame rate > 23 frames/s and a sufficient region 
of interest to include the entire left ventricle [7]. The data 
(three cardiac cycles for each subject) were transferred to 
an offline workstation and for analyzed using VFM analy-
sis software (DAS-RS1, Hitachi Aloka Medical Ltd.) [28]. 
Intraventricular blood flow was visualized by VFM using 
velocity vectors based on color Doppler imaging and 
two-dimensional speckle tracking [13].

Intracardiac swirling flow can be effectively detected 
using VFM, LV vortices can be visually and quantita-
tively depicted through 2D streamline maps and vortex 
maps obtained from VFM processing. Vortex is defined 
as blood flow that circulates back to its starting point, 
while flow that does not return to the starting point is 
not considered a vortex. The software employed in VFM 
analysis can determine the boundary between vortex and 
non-vortex regions. VFM enables the detection of the 
outermost boundary of the vortex, facilitating the quan-
tification of vortex area. The analysis software automati-
cally tracks and displays the vortex area and circulation 
(total vorticity). Circulation is calculated as the integral 
of the normal component of “vorticity” (ω) on an arbi-
trary plane (S) enclosed by a closed curve using the fol-
lowing formula:

	
Circulation =

�

S

wndS � (1)

It is calculated by accumulating the velocity component 
of a tangent on a closed curve, so the circulation becomes 
higher when the flow velocity is higher [29]. The area 
and circulation of the LV largest clockwise vortex dur-
ing systole (S-vortex), early diastole at the time of E wave 

(E-vortex), and late diastole at the time of A wave (A-vor-
tex) were recorded as previously described [28]. Addi-
tionally, Relative duration of diastolic vortex and Relative 
duration of systolic vortex were measured according to 
the previous work [13], and respectively calculated as 
the “total duration of E-vortex and A-vortex/duration of 
diastole phase in a cardiac cycle” ratio, and the “duration 
of S-vortex /duration of systolic phase in a cardiac cycle” 
ratio.

Statistical analysis
All statistical data were analyzed using SPSS 21.0 (SPSS, 
Inc., Chicago, IL). Normality was estimated by the Kol-
mogorov-Smirnov test. Continuous data with normal 
distributions were expressed as the mean ± Standard 
Deviation (SD), and those with skewed distributions were 
presented as median and inter-quartile ranges. Compari-
sons between two groups were evaluated using Student’s 
t-test (nondirectional). Spearman’s rank correlation test 
was employed to investigate the relationships between 
vortex profiles and some of the echocardiographic mea-
surements of subclinical LV dysfunction.

To assess intra-observer and interobserver variabili-
ties, the vortex parameters for approximately 15% of all 
of the participants randomly selected were repeated on 
two different occasions and independently performed 
by a second examiner on the same day, in a manner that 
was blinded to the previous measurements. Agreement 
between the repeated measurements was determined 
using Bland–Altman analyses [30].

Results
Baseline clinical and echocardiographic characteristics
Demographics, baseline clinical characteristics, and 
echocardiographic findings were summarized in Table 1. 
There were no differences in demographics between 
the control group and the type 2 diabetic CKD group. 
In clinical characteristics, type 2 diabetic patients with 
early CKD exhibited high levels of HbA1c, Triglycer-
ides, and LDL, while they had low levels of eGFR, ALB, 
and hemoglobin compared to the healthy participants. 
Moreover, our echocardiographic findings revealed that 
type 2 diabetic CKD patients had similar LVEDD/ESD, 
LVEDV/ESV, LVEF, and E wave to the healthy subjects, 
but enhanced E/A ratio and A. In the present study, we 
attached importance to the influence of blood glucose 
on the LV vortex in early CKD. Therefore, the type 2 dia-
betic CKD patients were further divided into W-HG and 
P-HG subgroups. Except for the HbA1c level, no signifi-
cant differences were found in demographics and base-
line clinical characteristics between the two subgroups. 
Consistently, there were no significant differences in 
conventional 2D parameters. The patients in the P-HG 
subgroup had similar LVEDD/ESD, LVEDV/ESV, and 
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LVEF to the patients in the W-HG subgroup. However, 
we found a different echocardiographic feature in the 
Doppler-related parameters between the two subgroups. 
The type 2 diabetic CKD patients with poorly controlled 
hyperglycemia had higher A, and E/A than those with 
well-controlled hyperglycemia.

Intracardiac vortex flow characteristics in type 2 diabetic 
early CKD
Different cardiac vortices were consistently observed in 
left ventricle on both anterior and posterior sides of the 
mitral valve following each trans-mitral filling wave. Dur-
ing early filling, a larger clockwise vortex was observed 
close to the LV outflow tract, and a smaller counter-
clockwise one was detected at the posterior side of the 
left ventricle. The two vortices form at the time of the E 
wave near the LV base, grow and migrate towards mid-
left ventricle, then fade at the end of the E wave. This 
larger clockwise vortex has been considered to contrib-
ute to maintaining blood flow in motion and LV filling 
by redirecting blood flow in the outflow tract as well as 
reducing friction forces. During late filling, vortices form 
again near the LV base at the time of the A wave, includ-
ing an anterior larger clockwise vortex and a posterior 
smaller anti-clockwise vortex. The anterior clockwise 

vortex appears after the onset of peak A-wave can per-
sist into systole phase, and can migrate to the sub-mitral 
area, reaching its maximal size in isovolumic contraction 
phase. The proximity of the mitral annulus to the infe-
rior-lateral wall results in small size and short duration of 
the posterior vortices, which probably impedes its poten-
tial hemodynamic relevance. However, the anterior vor-
tices persist longer during the phases of a cardiac cycle, 
and have been assumed to contribute to optimizing car-
diac function. Therefore, we focused on the anterior vor-
tices and examined the behaviors of S-vortex, E-vortex, 
and A-vortex in this study.

E-vortex, A-vortex, and S-vortex in all subjects were 
satisfactorily visualized on VFM mode in the apical 
three-chamber view and presented clockwise rotation 
(Fig.  1). The LV vortex features of all participants were 
demonstrated in Fig. 2. The E-vortex area of patients with 
type 2 diabetic early CKD was decreased compared to the 
healthy controls (439.94 ± 132.37 mm2 vs. 381.66 ± 136.85 
mm2, P = 0.008). E-vortex circulation showed a similar 
tendency to E-vortex area between the control group 
and the type 2 diabetic CKD group (0.0226 ± 0.0079 
m2/s vs. 0.0195 ± 0.0070 m2/s, P = 0.013). Different from 
the E-vortex, A-vortex presented a strong behavior in 
size and intensity. Patients with type 2 diabetic early 

Table 1  Baseline clinical and echocardiographic characteristic
Parameters Control Type 2 diabetic patients with early CKD

All W-HG P-HG
n = 67 n = 89 n = 41 n = 48

Age (y) 44.72 ± 12.93 45.56 ± 11.27 43.17 ± 13.69 47.77 ± 12.43

Sex (male/female) 36/31 48/41 22/19 26/22

BSA (m2) 1.61 ± 0.10 1.64 ± 0.11 1.63 ± 0.13 1.65 ± 0.12

HR (beat/min) 71.61 ± 12.23 72.76 ± 11.73 72.21 ± 11.94 73.27 ± 12.35

eGFR (ml/min/1.73 m2) 101.74 ± 8.45 67.45 ± 8.34* 65.31 ± 10.03 69.37 ± 8. 94

CKD duration (m) -- 30.12 ± 7.17 28.53 ± 8.52 31.78 ± 7.69

HbA1c (%) 5.04 ± 0.81 7.83 ± 0.74* 6.94 ± 0.85 8.74 ± 0.67#

DM duration (m) -- 91.58 ± 14.57 87.96 ± 15.75 94.03 ± 17.20

Triglycerides (mmol/L) 1.16 ± 0.37 1.84 ± 0.35* 1.85 ± 0.43 1.83 ± 0.32

LDL (mmol/L) 2.67 ± 0.55 3.42 ± 0.83* 3.17 ± 0.94 3.63 ± 0.67

ALB (g/l) 45.08 ± 2.48 34.09 ± 4.79* 33.34 ± 6.03 34.66 ± 4.66

Hemoglobin (g/l) 138.22 ± 11.01 120.08 ± 10.15* 127.72 ± 14.36 115.12 ± 8.91

LVEDD (mm) 46.74 ± 3.69 48.62 ± 5.34 47.23 ± 4.84 49.88 ± 5.86

LVESD (mm) 26.52 ± 4.17 26.91 ± 3.62 25.79 ± 3.77 27.54 ± 4.22

LVEDV (mL) 104.17 ± 18.73 111.64 ± 20.75 103.15 ± 20.48 119.25 ± 22.02

LVESV (mL) 26.54 ± 5.32 26.86 ± 6.93 26.37 ± 7.17 27.11 ± 5.87

LVEF (%) 66.28 ± 10.34 64.12 ± 9.16 65.09 ± 8.01 63.34 ± 10.21

E (cm/s) 73.64 ± 18.08 65.05 ± 16.66* 64.58 ± 16.94 65.45 ± 16.58

A (cm/s) 67.06 ± 16.90 75.88 ± 15.62* 70.13 ± 14.45 80.79 ± 15.02#

E/A 1.19 ± 0.46 0.89 ± 0.27* 0.96 ± 0.29 0.83 ± 0.24#

e′ (cm/s) 8.59 ± 2.32 8.46 ± 2.72* 8.67 ± 1.71 7.40 ± 1.44#

Date given as mean ± Standard Deviation

BSA: body surface area, HR: heart rate, eGFR: estimated glomerular filtration rate, CKD: chronic kidney disease, HbA1c: glycated hemoglobin, DM; diabetes mellitus, 
LDL: low-density lipoprotein, ALB: albumin, LVEDD/SD: left ventricular end-diastolic/systolic diameter, LVEDV/SV: left ventricular end-diastolic/systolic volume, LVEF: 
left ventricular ejection fraction, E: mitral early filling wave peak velocity, A: mitral late filling wave peak velocity, e’: early mitral annular peak velocity on septal side. 
W-HG subgroup: patient with well-controlled hyperglycemia, P-HG subgroup: patients with poorly controlled hyperglycemia. *P < 0.05 vs. Control; #P < 0.05 vs. W-HG)
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CKD had increased A-vortex area (281.52 ± 137.27 
mm2 vs. 514.83 ± 160.33 mm2, P ˂ 0.001) and circula-
tion (0.0149 ± 0.0069 m2/s vs. 0.0250 ± 0.0067 m2/s, P ˂ 
0.001) compared to the healthy participants. S-vortex is 
derived from the A-vortex, and grows into the largest LV 
vortex during the isovolumetric contraction phase. The 
S-vortex area (565.23 ± 166.86 mm2 vs. 569.33 ± 180.60 
mm2, P = 0.885) and circulation (0.0192 ± 0.0061 m2/s 
vs. 0.0195 ± 0.0075 m2/s, P = 0.778) were also enhanced 
in type 2 diabetic CKD group compared to the control, 
but with no statistically difference. Moreover, we turned 

to examine the duration of the anterior vortices. The 
relative duration of diastolic vortex (0.9476 ± 0.0254 vs. 
0.9510 ± 0.0220, P = 0.376) and relative duration of sys-
tolic vortex (0.7517 ± 0.0712 vs. 0.7657 ± 0.0784, P = 0.252) 
respectively showed no statistically significant difference 
between early CKD patients and healthy controls.

Hyperglycemia and intracardiac vortex behavior in type 2 
diabetic CKD
To explore the effect of blood glucose status on intra-
cardiac blood flow of patients with type 2 diabetic early 

Fig. 2  LV vortex features in controls and type 2 diabetic patients with stages 2-3a CKD. a E-vortex area. b E-vortex circulation. c A-vortex area. d A-vortex 
circulation. e S-vortex area. f S-vortex circulation. g Relative duration of diastolic vortex. h Relative duration of systolic vortex. Control group: n = 67, type 
2 diabetic CKD group: n = 89. All data are expressed as mean ± SD, Student’s t-test * P < 0.05, ** P < 0.01, *** P < 0.001, ns means no statistical significance

 

Fig. 1  Representative LV vortex images in apical three-chamber view. Representative images of vortex during early diastole (a), vortex at the comple-
tion of passive ventricular filling (b), vortex during atrial contraction (c) and vortex during systole (d) collected from a control participant. Representative 
images of vortex during early diastole (e), vortex at the completion of passive ventricular filling (f), vortex during atrial contraction (g) and vortex during 
systole (h) collected from a type 2 diabetic patient with stages 2-3a
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CKD, E-vortex, A-vortex and S-vortex were further 
investigated between the W-HG subgroup and the P-HG 
subgroup (Fig.  3). Although the E-vortex exhibited a 
weak behavior in the type 2 diabetic CKD patients with 
poorly-controlled hyperglycemia, there was no statisti-
cal significance of E-vortex area (351.68 ± 120.84 mm2 
vs. 407.25 ± 145.54 mm2, P = 0.056) and E-vortex circu-
lation (0.0181 ± 0.0080 m2/s vs. 0.0208 ± 0.0060 m2/s, 
P = 0.077) between the two subgroups. However, A-vor-
tex behavior was significantly different between the 
W-HG subgroup and the P-HG subgroups. Type 2 dia-
betic CKD patients with poorly-controlled hyperglyce-
mia had larger A-vortex area (479.06 ± 146.78 mm2 vs. 
559.96 ± 159.27 mm2, P = 0.015) and higher A-vortex cir-
culation (0.0221 ± 0.0058 m2/s vs. 0.0275 ± 0.0064 m2/s, 
P ˂ 0.001) than the patients with well-controlled hyper-
glycemia. Interestingly, the stronger trend passed from 
the A-vortex to the S-vortex in P-HG subgroup. Both 
S-vortex area (524.21 ± 165.52 mm2 vs. 607.87 ± 185.33 
mm2, P = 0.029) and S-vortex circulation (0.0174 ± 0.0072 
m2/s vs. 0.0213 ± 0.0074 m2/s, P = 0.015) were increased in 
the P-HG subgroup compared to the W-HG subgroup. 
Moreover, the Relative duration of systolic vortex was 
found be extended in the P-HG subgroup compared to 
the W-HG subgroup (0.7436 ± 0.0772 vs. 0.7845 ± 0.0752, 
P = 0.014).

Correlation and risk factors analysis for LV Vortex
In the present study, the correlations among the vor-
tex parameters, between the vortex parameters and the 
HbA1c or the conventional LV filling parameters in type 
2 diabetic patients with early CKD were investigated. 
There were significant correlations between vortex area 
and vortex circulation, as observed for the E-vortex 
(r = 0.580, P ˂ 0.001), A-vortex (r = 0.624, P ˂ 0.001), and 
S-vortex (r = 0.660, P ˂ 0.001). Relative duration of systolic 
vortex was weakly associated correlated with S-vortex 
area (r = 0.211, P = 0.048), while significantly associated 
with A-vortex area (r = 0.293, P = 0.005), A-vortex cir-
culation (r = 0.320, P = 0.002) and S-vortex circulation 
(r = 0.278, P = 0.008) in patient group. No significant cor-
relation was found between the Relative duration of dia-
stolic vortex and other vortex parameters.

E-vortex area was associated with E and e′. E-vortex 
circulation correlated to E and e′. Moreover, A-vortex 
area was found to be associated with HbA1c, A, and E/A. 
A-vortex circulation was correlative to HbA1c, A, and 
E/A. Furthermore, our data showed S-vortex area was 
associated with HbA1c, A, and E/A. S-vortex circula-
tion had close correlation to HbA1c, A, and E/A. Relative 
duration of systolic vortex was associated with HbA1c. 
The results of the Spearman rank correlation test were 
presented in Table 2.

Fig. 3  LV vortex features of type 2 diabetic patients with stages 2-3a CKD. a E-vortex area. b E-vortex circulation. c A-vortex area. d A-vortex circulation. 
e S-vortex area. f S-vortex circulation. g Relative duration of diastolic vortex. h Relative duration of systolic vortex. W-HG subgroup (n = 41): patient with 
well-controlled hyperglycemia, P-HG subgroup (n = 48): patients with poorly- controlled hyperglycemia. All data are expressed as mean ± SD, Student’s 
t-test * P < 0.05, *** P < 0.001, ns means no statistical significance)
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Reproducibility
The intra-observer and inter-observer variabilities for LV 
vortex values were illustrated in Fig.  4; Table  3. Bland-
Altman analysis showed that measurements for E-vortex 
area, E-vortex circulation A-vortex area, A-vortex circu-
lation, S-vortex area, S-vortex circulation, Relative dura-
tion of diastolic vortex and Relative duration of systolic 
vortex exhibit good reproducibility.

Discussion
Both energy loss and vortex are important parameters 
based on VFM technology, and helpful in exploring the 
intracardiac blood flow status and evaluating LV function 
[31]. The LV energy loss in early CKD had been firstly 
determined in our previous work [7]. In the current 
study, we further provided the first evidence on the visu-
alization and quantification of LV vortices using VFM in 
the early CKD population. Type 2 diabetic patients with 
early CKD had a small and weak early filling vortex, but a 
large and intense late filling vortex in the diastolic phase. 
The late filling vortex became larger and more intense 

Table 2  Correlation between left ventricular vortex features and filling parameters in type 2 diabetic patients with early CKD
Variables E e′ A E/A HbA1c

r P r P r P r P r P
E-vortex area 0.300 0.005* 0.370 < 0.001* 0.206 0.051 0.015 0.892 0.104 0.333

E-vortex circulation 0.267 0.011* 0.322 0.002* 0.144 0.179 0.102 0.344 0.079 0.464

A-vortex area -0.062 0.562 0.198 0.062 0.277 0.009* -0.268 0.011* 0.322 0.002*

A-vortex circulation -0.030 0.782 0.037 0.729 0.289 0.006* -0.214 0.044* 0.509 < 0.001*

S-vortex area -0.109 0.308 -0.149 0.162 0.302 0.004* -0.291 0.006* 0.235 0.027*

S-vortex circulation -0.146 0.173 -0.201 0.059 0.281 0.008* -0.300 0.004* 0.277 0.009*

RD of systolic vortex -0.124 0.246 -0.009 0.933 0.018 0.869 -0.078 0.470 0.229 0.031*

RD of diastolic vortex -0.016 0.880 0.043 0.686 -0.099 0.354 0.053 0.622 -0.070 0.517
E-vortex: vortex during early diastole phase, A-vortex: vortex during atrial contraction phase, S-vortex: vortex during the isovolumic contraction phase, RD: Relative 
duration

*P < 0.05

Fig. 4  Bland-Altman plots of intra-observer and inter-observer variability. Intra-observer and variability of A-vortex area (a), A-vortex circulation (b), E-
vortex area (c), E-vortex circulation (d), S-vortex area (e) and S-vortex circulation (f)
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in those patients with poorly controlled hyperglycemia, 
and grew into a strong systolic vortex, resulting in a long 
duration of LV vortex in the systolic phase. Using correla-
tion analysis, poorly controlled hyperglycemia was found 
to contribute to the aberrant vortex behavior across the 
late diastolic phase and the systolic phase.

Various forms of LV vortex formation convey diagnos-
tic and prognostic information regarding the function 
of the heart, which is widely applied to assess functional 
status of the heart in a variety of diseases [11]. Chen et al. 
conducted an assessment of LV hemodynamics in uremia 
patients (late stages of CKD) using vortex formation anal-
ysis through VFM [24]. The present study builds upon 
our previous research on LV hemodynamics in early 
CKD, specifically focusing on investigating the charac-
teristics of LV vortex. A small and weak early diastolic 
vortex, but a large and intense late diastolic vortex were 
observed in the type 2 diabetic patients with early CKD. 
The change of diastolic vortices in the type 2 diabetic 
patients with early CKD was similar to that in non-CKD 
patients with diastolic dysfunction. The early diastolic 
vortex had a small size and weak intensity with no sta-
tistical difference, and the late diastolic vortex became 
significantly stronger in non-CKD patients with diastolic 
dysfunction [29, 32]. Our data further confirmed that the 
LV filling parameters were closely associated with the 
behavior of diastolic vortices. E (reflecting LV early fill-
ing) was close related to the size and the intensity of early 
diastolic vortex, and A (reflecting LV late filling) had a 
close correlation with the late diastolic vortex character-
istics, including the area and circulation. E/A, as a com-
mon echocardiographic parameter representing diastolic 
dysfunction, respectively displayed an inverse correlation 
to the size and the intensity of the late diastolic vortex 
behavior. CKD-related increases to myocardial collagen 
causes diffuse myocardial interstitial fibrosis, resulting 
in decline of myocardial relaxation [3], which already 
appears in the early stages of type 2 diabetic CKD [25]. 

This deterioration of myocardial relaxation further leads 
to imperceptible diastolic dysfunction, with a decrease 
in passive filling and a compensatory increase in active 
atrial filling. Correspondingly, the early diastolic E-vortex 
decreased in size and intensity, while the late diastolic 
A-vortex became dominant with an enhanced size and 
intensity in type 2 diabetic patients with early CKD. A 
recent high-quality review regarding VFM highlighted 
that the diastolic vortices redirect blood flow in the out-
flow tract, reduce friction forces by maintaining blood 
flow in motion, and then contribute to LV filling [11]. The 
inverse change of the two diastolic vortices was consid-
ered as a positive adaptation for maintaining energetic 
efficiency of cardiac blood flow and functional compen-
sation of cardiac blood flow for diastolic dysfunction. 
This functional compensation was more obvious in type 
2 diabetic CKD patients with poorly controlled hypergly-
cemia, manifested by the presence of a stronger A-vortex. 
Poorly controlled hyperglycemia has been confirmed to 
exacerbate diastolic dysfunction in patients with diabe-
tes and CKD [33], and this was effectively detected by LV 
vortex examination, especially if their hearts have a nor-
mal morphology shape. It can be inferred that LV vortices 
have diagnostic and prognostic significance for assessing 
the functional status of the heart in patients with diabetes 
and CKD, with great prospects in the clinical application.

During the isovolumic contraction phase, LV pressure 
increases rapidly while its volume remained unchanged; 
simultaneously, LV flow altered its direction into the out-
flow tract and aorta. This physiological mechanism has 
been known to prevent flow separation and avoid exces-
sive dissipation of energy [30]. The systolic vortex mainly 
presents across the isovolumic contraction phase and 
early ejection phase with a suitable size and intensity, 
and appears to store energy and optimize efficiency for 
the systolic LV flow [22]. In the current study, the behav-
ior of the systolic vortex displayed a significant change 
in type 2 diabetic CKD patients with poorly controlled 

Table 3  Reproducibility analysis for left ventricular vortex
ICC (95%CI) LOA

E-vortex area Intra-observer 0.97 (0.89–0.99) 8.2 (−73.5 to 89.8)

E-vortex area Inter-observer 0.98 (0.92–0.99) 9.2 (−61.5 to 79.9)

E-vortex circulation Intra-observer 0.96 (0.86–0.98) −0.0008 (−0.049 to 0.0033)

E-vortex circulation Inter-observer 0.96 (0.87–0.99) 0.0005 (−0.0037 to 0.0047)

A-vortex area Intra-observer 0.98 (0.93–0.99) 1.8 (−55.4 to 58.9)

A-vortex area Inter-observer 0.98 (0.93–0.99) −2.0 (−58.7 to 54.7)

A-vortex circulation Intra-observer 0.91 (0.74–0.97) −0.000 (−0.005 to 0.005)

A-vortex circulation Inter-observer 0.88 (0.65–0.96) −0.000 (−0.006 to 0.006)

S-vortex area Intra-observer 0.97 (0.90–0.99) −0.9 (−92.8 to 91.0)

S-vortex area Inter-observer 0.98 (0.94–0.99) 2.3 (−70.0 to 74.6)

S-vortex circulation Intra-observer 0.82 (0.50–0.94) −0.001 (−0.006 to 0.005)

S-vortex circulation Inter-observer 0.78 (0.42–0.93) −0.000 (−0.007 to 0.006)
CI: confidence interval, ICC: intraclass correlation coefficient, LOA: limits of agreement
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hyperglycemia. The systolic vortex of the P-HG subgroup 
was almost observed until the end of the ejection phase, 
and had a large size and high intensity during the isovolu-
mic contraction phase. The long duration of the systolic 
vortex indicated that the vortex flow never left the left 
ventricle, which might impede effectively ejection in the 
patients with poorly controlled hyperglycemia. Fukuda 
et al. found that the longer the vortex persisted through 
systole, the more the LV flow energy was lost [19], thus 
the large area and enhanced circulation of the S-vortex 
signified energy dissipation of the LV flow. The changed 
behavior of systolic vortex was consistent with a pre-
vious study regarding uremic patients with a definite 
decline in LV systolic function [24]. Importantly, there 
were no significant differences in morphological changes 
and ejection fraction between our early CKD (non-dial-
ysis) patient subgroups, suggesting that systolic hemo-
dynamics abnormalities might appear earlier than the 
systolic dysfunction. Interestingly, our correlation data 
showed that HbA1c, A (reflecting LV late filling) and E/A 
(reflecting LV diastolic function) were closely related to 
the S-vortex characteristics. Considering that a stron-
ger A-vortex also existed in those patients with poorly 
controlled hyperglycemia, we supposed that the aberra-
tion of S-vortex behavior continued from the stronger of 
A-vortex, and might be a presentation of relatively severe 
diastolic dysfunction in systolic blood flow. Additionally, 
poorly controlled hyperglycemia-induced increase of 
cardiac afterload played a direct role in the efficiency of 
blood flow to the heart, which might partly explain the 
long duration, large size, and high intensity of S-vortex.

Type 2 diabetic kidney disease is the leading cause of 
CKD worldwide. In view of its widespread prevalence, we 
chose to focus on the early CKD patients with a diagnos-
tic etiology of type 2 diabetes. In 2020, KDIGO published 
the first clinical practice guideline directed specifically 
for clinical management of patients with diabetes and 
CKD, in which an individualized HbA1C target rang-
ing from < 6.5% to < 8.0% was recommended in patients 
with diabetes and non-dialysis CKD [2]. Glycemic con-
trol had been widely believed the key therapeutic strategy 
for impeding the CKD progression and avoiding unfor-
tunate cardiovascular events [1]. However, some patients 
neglect their glycemic condition and do not take proac-
tive steps until they experience an unfortunate cardiac 
event. Indeed, glycemic control was not well performed 
in our type 2 diabetic CKD population. Importantly, 
our data indicated that poorly controlled hyperglycemia 
is involved in the cardiac hemodynamic abnormalities 
across the late diastolic and systolic phase in type 2 dia-
betic patients with early CKD, as visualized by LV vortex 
using VFM, and found glycemia is independently asso-
ciated with the features of A-vortex and S-vortex. The 
correlation of glycemic level and cardiac hemodynamics 

abnormalities had been confirmed by previous work in 
diabetic patients by using VFM-enabled EL assessment 
[34]. Collectively, our data offered the new evidence on 
the role of glycemia in the LV vortex in the type 2 diabetic 
CKD patients, which highlights the importance of con-
trolling glycemia for these patients from a hemodynamic 
perspective. Moreover, sodium/glucose cotransporter 2 
(SGLT2) inhibitors, a novel highly efficacious drug tar-
geting glycemic control, have multifaceted benefits in 
nephrology, cardiology, endocrinology, and primary care, 
and are expected to further optimize the benefits of gly-
cemic control in patients with diabetes and CKD [35].

This study has several limitations. The vortex poste-
rior component was not analyzed in the present study, 
as previously explained, its role in cardiac function and 
hemodynamics seems to be less relevant [13]. Addition-
ally, our present work was a single-center, cross-sectional 
study with a relatively small sample size. Future studies 
with larger sample sizes and long-term follow-ups are 
expected to further confirm the prognostic value of LV 
vortex in diabetic patients with early CKD. Moreover, 
we focused only on the impact of hyperglycemia on car-
diac vortex in diabetic patients with early CKD. Hyper-
lipidemia and hypertension, two other common clinical 
symptoms of diabetic CKD, and need to be investigated 
in future studies targeting the diagnostic and prognostic 
significance of cardiac vortex formation in the patients 
with diabetes and CKD.

Conclusion
In conclusion, aberrant behaviors of LV vortex were 
observed in type 2 diabetic patients with early CKD, par-
ticularly in those with uncontrolled hyperglycemia. LV 
vortex may be a practical tool for the convenient identi-
fication of LV diastolic dysfunction caused by hypergly-
cemia in early CKD. This study provided hemodynamic 
evidence for the strict management of hyperglyce-
mia in type 2 diabetic CKD patients from the cardiac 
perspective.
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