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1  | INTRODUC TION

Impaired cardiovascular health is an important sequela of chronic 
kidney disease (CKD).1 Various traditional and nontraditional car‐
diovascular risk factors that accumulate during the development 
and progression of CKD compromise normal cardiovascular func‐
tion.2 As a result, patients with CKD are prone to developing a 
series of conditions due to disturbed cardiovascular homeostasis, 
such as impaired orthostatic blood pressure (BP) stabilization. 

Recent data from the Systolic Blood Pressure Intervention Trial 
(SPRINT) demonstrated that worse renal function was inde‐
pendently associated with greater reductions in systolic BP on 
standing.3 This impaired orthostatic BP stabilization has been 
associated with a number of adverse outcomes (eg, fall, syncope, 
cardiovascular events, and all‐cause mortality) in different study 
populations, including those with renal dysfunction.4-7 It is there‐
fore important to identify those at risk for this condition and to 
understand its underlying pathophysiologic mechanisms in CKD. 
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Abstract
Impaired orthostatic blood pressure (BP) stabilization is prevalent in patients with 
chronic kidney disease (CKD) and is associated with adverse outcomes. We aimed to 
test the hypothesis that reduced hemoglobin is an important contributor to orthos‐
tatic intolerance in CKD in the present study. This study included 262 patients with 
non‐dialysis‐dependent CKD. Seated and standing BP was measured, and orthostatic 
BP reduction was calculated for both systolic BP (∆ SBP) and diastolic BP (∆ DBP). 
The association between orthostatic BP reduction and hemoglobin was determined 
by multiple linear regression models. We also performed mediation analysis to test 
to what extent the effect of renal dysfunction on impaired orthostatic BP stabiliza‐
tion can be explained by reduced hemoglobin. The mean age of the patients was 57.7 
(±14.5) years, and 61.5% were male. Both ∆ SBP and ∆ DBP correlated negatively 
with estimated glomerular filtration rate (eGFR). With adjustment for age and sex, 
hemoglobin level was negatively associated with ∆ SBP (β = −1.4, SE = 0.4, P < .001) 
and ∆ DBP (β = −0.6, SE = 0.2, P = .009). The associations remained significant with 
further adjustment for additional covariates. When eGFR was introduced as a co‐
variate, it did not eliminate the significance (both P < .05). The associations remained 
essentially unchanged in a sensitivity analysis excluding those with concurrent eryth‐
ropoietin use. Mediation analysis demonstrated that reduced hemoglobin accounted 
for 35.4% (P = .004) of the effect of eGFR on ∆ SBP and 47.7% (P = .032) on ∆ DBP. 
Our study suggests that reduced hemoglobin is a potentially important contributor 
to the development of orthostatic hypotension in CKD.
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However, there is a paucity of research exploring the risk factors 
for impaired orthostatic BP stabilization, especially in the context 
of CKD.

It was noted in previous studies that some patients with or‐
thostatic hypotension are anemic and a pilot trial demonstrated 
that correction of anemia with erythropoietin (EPO) restores or‐
thostatic homeostasis.8,9 Anemia is a prominent feature of renal 
failure, but its association with orthostatic intolerance in CKD 
has not yet been studied. Given the aforementioned data, we hy‐
pothesized that reduced hemoglobin is an important contributor 
to CKD‐associated impaired orthostatic BP stabilization. Here, 
we test our hypothesis in a group of non‐dialysis‐dependent CKD 
patients.

2  | METHODS

2.1 | Study population

All participants were recruited from the Center for Kidney Disease 
of the Second Affiliated Hospital of Nanjing Medical University. 
Patients with a clinical diagnosis of CKD and aged ≥18  years re‐
ferring to our center were invited to participate in the study. We 
excluded those on hemodialysis or peritoneal dialysis or with a previ‐
ous history of renal transplantation. Patients with acute infection or 
any other condition that were clinically unstable were not included 
until they recovered. All subjects provided written informed con‐
sent before enrollment. The study protocol was approved by the 
Institutional Ethics Committee of the Second Affiliated Hospital of 
Nanjing Medical University.

2.2 | BP measurement

BPs were measured in the morning (usually between 8:00 am and 
9:00 am) in a quiet test room using an automated oscillometric de‐
vice (Omron HEM‐7130; Omron Healthcare Co. Ltd). Patients were 
instructed to restrain from meals, coffee or tea, and alcohol before 
measurement. Scheduled antihypertensive medications and nitrates 
were put off until after the study procedures were completed. This 
meant that all relevant medications were generally discontinued for 
at least 12 hours before the test. After at least 10 minutes of rest, 
seated BP was measured thrice with a 1‐minute interval between 
measurements. Then, the patients were asked to stand up immedi‐
ately, and three standing BPs were determined at 1‐minute intervals. 
Any symptom of orthostatic hypotension (eg, dizziness) reported by 
the participants while standing was also recorded. Participants were 
allowed to sit or lie down if they felt they could not keep standing 
during the process.

Seated BPs were calculated as the mean of the second and the 
third measurements. Orthostatic BP reductions were calculated as 
seated BPs minus the minimum of the three standing BPs and are 
denoted as ∆ SBP (orthostatic systolic BP reduction) or ∆ DBP (or‐
thostatic diastolic BP reduction) hereafter. Orthostatic hypotension 
was defined as ∆ SBP ≥ 20 mm Hg or ∆ DBP ≥ 10 mm Hg.10

2.3 | Pulse wave velocity

Carotid‐femoral pulse wave velocity (cfPWV) was determined using 
the Complior Analyzer device (Artech Medical) as described previ‐
ously.11 Briefly, a highly experienced technician (5 years with over 
2000 measurements) performed the measurement and placed the 
probes in a place with a palpable pulse of the carotid and femoral 
artery. The transit time was averaged over ten consecutive record‐
ings using the intersecting tangent algorithm as recommended.12 
Carotid‐femoral distance was measured manually and multiplied by 
0.8 for further calculation. The cfPWV was calculated as the dis‐
tance divided by the transit time.

2.4 | Laboratory tests and other information

Fasting blood was drawn and sent to the Laboratory Department 
of our hospital for routine tests, including blood cell counts, serum 
albumin, lipids, calcium, phosphorus, and creatinine. The estimated 
glomerular filtration rate (eGFR) was calculated according to the 
CKD‐EPI formula.13 Patients were interviewed by research staff to 
obtain their general demographic and medical information. When 
necessary, medical records were also used for data acquisition or 
validation.

2.5 | Statistical analysis

For descriptive analysis, mean ± SD or median (IQR) and frequency 
(%) are presented as appropriate. Comparisons between two groups 
were conducted using Student's t test, the chi‐squared test, or the 
Mann‐Whitney U test, as appropriate. The association between or‐
thostatic BP reduction and renal function (eGFR)/hemoglobin was 
analyzed using Pearson's correlation analysis. To explore the associ‐
ation between orthostatic BP stabilization and reduced hemoglobin, 
we performed general linear regression analysis using ∆ SBP or ∆ 
DBP as the dependent variable. We built three models with different 
levels of adjustment for potential confounders. The determination of 
the confounders was based either on their correlation with orthos‐
tatic BP reduction in our dataset or on clinical consideration. In the 
first model (Model 1), we made basic adjustments for age and sex. 
In Model 2, additional adjustment was made for body mass index, 
current smoker, diabetes, previous cardiovascular disease, use of 
antihypertensive medications, statins, systolic blood pressure, albu‐
min, and cfPWV. In the last model (Model 3), we included eGFR to 
test whether the association between hemoglobin and orthostatic 
BP reduction was independent of renal function. Several previous 
studies have demonstrated that the use of erythropoietin (EPO) 
to correct anemia can result in the alleviation of impaired orthos‐
tatic stabilization. Therefore, we performed a sensitivity analysis 
excluding those who were on concurrent EPO treatment. We also 
evaluated the association between eGFR and orthostatic BP re‐
duction using a similar approach. All estimates for the association 
were calculated per 10 g/L increase in hemoglobin or per 10  mL/
min/1.73 m2 increase in eGFR. To explore to what extent the effect 
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of renal dysfunction on impaired orthostatic BP stabilization could 
be explained by reduced hemoglobin, we performed mediation 
analyses using hemoglobin as the mediator, eGFR as the predictor 
and ∆ SBP and ∆ DBP as the outcome variables. Age, sex, smok‐
ing status, and diabetes were treated as confounders in the media‐
tion analyses. Other factors, including blood pressure, cfPWV, and 
albumin, were considered to contribute to the overall effect of renal 
dysfunction on impaired orthostatic BP stabilization and were not 
included in the first model but were included in an additional model. 
The bootstrapping approach was used to determine the significance 
of the mediation effect (simulations = 1000). All statistical analyses 
were performed using R software, version 3.4.3 (R Foundation for 
Statistical Computing, www.R-proje​ct.org). A two‐tailed P value of 
.05 was considered statistically significant.

3  | RESULTS

The study included a total of 262 subjects. All patients underwent 
orthostatic blood pressure measurement. Seven of them reported 
feeling mildly lightheaded after standing which resolved automati‐
cally, and the measurements were therefore not discontinued for 
them. Standing BP was measured only once for one subject and 
twice for another due to their intolerance of the procedure, with 
overt symptoms of orthostatic hypotension (feeling weak, fatigue, 
and excessive sweating). Since their ∆ SBP calculated from existing 
standing BPs had already met the diagnostic criteria of orthostatic 
hypotension, they were not excluded from the analysis.

Table 1 presents the general characteristics of all the study sub‐
jects. The mean age was 57.7 (±14.5) years, and 61.5% were male. 
Glomerulonephritis (33.2%) and diabetic nephropathy (31.3%) were 
the leading causes of CKD in this population. The average eGFR was 
50.8 (±33.4) mL/min/1.73 m2, and the mean hemoglobin level was 
117.4 (±24.9) g/L. The median ∆ SBP and ∆ DBP were 5.5 (0‐12.0) 
and −0.5 (−4.0 to 3.4) mm Hg, respectively. A total of 42 subjects 
met the definition of orthostatic hypotension in our analysis, corre‐
sponding to a prevalence of 16.0% in this population. Patients with 
orthostatic hypotension were more likely to be male and diabetic, 
and they had lower levels of eGFR and hemoglobin. We also present 
the ∆BP at each standing measurement in Table S1.

The relationship between orthostatic BP reduction and eGFR 
and hemoglobin is shown in Figure 1. Both orthostatic systolic and 
diastolic BP reductions were exaggerated with declined renal func‐
tion (∆ SBP: r = −.31, P < .001; ∆ DBP: r = −.20, P = .001). A similar 
correlation was noted between orthostatic BP reduction and hemo‐
globin (∆ SBP: r = −.33, P < .001; ∆ DBP: r = −.23, P < .001).

We first analyzed whether eGFR was an independent deter‐
minant of orthostatic BP reduction using linear regression models. 
As shown in Table S2, eGFR was independently associated with 
∆ SBP/∆ DBP in both the basic (age‐ and sex‐adjusted) model and 
the extensively adjusted model (all P ≤ .007). We then analyzed the 
associations between hemoglobin level and orthostatic BP reduc‐
tions, and the results are presented in Table 2. In the basic model 

(Model 1) with adjustment for age and sex, hemoglobin level was 
negatively associated with ∆ SBP (B = −1.4, SE = 0.4, P < .001) and 
∆ DBP (B = −0.6, SE = 0.2, P = .009). The associations remained sig‐
nificant with extensive adjustment in Model 2, and the effect sizes 
of the associations were relatively stable after further adjustment (∆ 
SBP: B = −1.2, SE = 0.4, P = .002; ∆ DBP: B = −0.6, SE = 0.2, P = .015). 
Moreover, when eGFR was included as a covariate, the associations 
were still significant for both ∆ SBP and ∆ DBP, although a marginal 
P value for ∆ DBP was noted (∆ SBP: B = −0.9, SE = 0.4, P = .021; ∆ 
DBP: B = −0.5, SE = 0.2, P = .045), while the estimates for eGFR were 
significant for ∆ SBP (B = −0.6, SE = 0.2, P = .013) but not for ∆ DBP 
(B = −0.2, SE = 0.2, P = .144).

We further performed a sensitivity analysis of the association 
in patients without concurrent EPO use. After excluding those on 
EPO (n  =  50), 212 subjects remained for this sensitivity analysis 
(Table 3). The associations between hemoglobin level and ortho‐
static BP reductions remained essentially unchanged in these sub‐
jects in all three models. The association between hemoglobin and 
orthostatic systolic BP was then evaluated among patients with CKD 
due to diabetes and among patients with CKD due to other etiolo‐
gies (Table S3). The association was significant in all models, except 
for Model 3 (eGFR included) in patients with CKD due to diabetes. 
This loss of significance may be due to the limited power of the small 
sample size in this subgroup (N = 82).

To quantify the contribution of reduced hemoglobin to the ef‐
fect of renal dysfunction on orthostatic BP stabilization, we then 
performed a mediation analysis. A diagram illustrating the associa‐
tions underlying the mediation effect is presented in Figure S1. The 
results, as shown in Table 4, demonstrated that the effects of renal 
dysfunction (eGFR) on ∆ SBP and ∆ DBP were both significantly 
mediated by hemoglobin level, with reduced hemoglobin accounting 
for 35.4% (P  =  .004) of the effect on ∆ SBP and 47.7% (P  =  .032) 
of the effect on ∆ DBP. When blood pressure, cfPWV, and albumin 
were included in Model 2 as confounding variables, the mediation 
effects remained significant (∆ SBP: 34.8%, P = .012; ∆ DBP: 70.2%, 
P = .042).

4  | DISCUSSION

In the present study, we investigated the association of reduced 
hemoglobin with impaired orthostatic BP stabilization in CKD pa‐
tients. Our results showed that reduced hemoglobin level in these 
patients was independently associated with more pronounced or‐
thostatic BP reduction. Mediation analysis indicated that reduced 
hemoglobin accounted for over one‐third of the total effect of renal 
dysfunction on orthostatic BP stabilization. Therefore, our study 
suggests the important contribution role of anemia to the develop‐
ment of orthostatic hypotension in CKD.

As shown in our study, impaired orthostatic BP stabilization 
worsens as renal function declines. The effect size of this associ‐
ation was significant: every 10 mL/min/1.73 m2 decrease in eGFR 
was associated with an ≈1/0.4 mm Hg increase in the orthostatic 

http://www.R-project.org
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TA B L E  1   General characteristics of the patients

  All

Orthostatic hypotension

No (N = 220) Yes (N = 42) P

Age, y 57.7 ± 14.5 57.2 ± 14.8 60.8 ± 12.7 .14

Male 161 (61.5%) 141 (64.1%) 20 (47.6%) .044

BMI, kg/m2 25.9 ± 4.1 25.9 ± 4.1 25.7 ± 4.3 .743

Current smoker 74 (28.2%) 66 (30.0%) 8 (19.0%) .149

Etiology

Diabetic nephropathy 82 (31.3%) 55 (25.0%) 27 (64.3%) <.001

Hypertensive nephropathy 23 (8.8%) 23 (10.5%) 0 (0.0%)

Glomerulonephritis 87 (33.2%) 80 (36.4%) 7 (16.7%)

Others 25 (9.5%) 23 (10.5%) 2(4.8%)

Unknown 45 (17.2%) 39 (17.7%) 6 (14.3%)

Diabetes mellitus 120 (45.8%) 89 (40.5%) 31 (73.8%) <.001

Previous CVD 64 (24.4%) 52 (23.6%) 12 (28.6%) .495

Use of antihypertensives 211 (80.5%) 176 (80.0%) 35 (83.3%) .617

Total number 1.5 ± 1.1 1.5 ± 1.1 1.6 ± 1.0 .511

Diuretics 24 (9.2%) 21 (9.5%) 3 (7.1%) .776

CCB 149 (56.9%) 118 (53.6%) 31 (73.8%) .016

Beta blocker 74 (28.2%) 63 (28.6%) 11 (26.2%) .747

ACEI/ARB 121 (46.2%) 105 (47.7%) 16 (38.1%) .251

Other types 18 (6.9%) 13 (5.9%) 5 (11.9%) .180

Statins 109 (41.6%) 89 (40.5%) 20 (47.6%) .388

Use of EPO 50 (19.1%) 38 (17.3%) 12 (28.6%) .088

eGFR, mL/min/1.73 m2 50.8 ± 33.4 53.5 ± 34.0 36.6 ± 25.9 .002

Hemoglobin, g/L 117.4 ± 24.9 119.3 ± 25.2 107.6 ± 20.7 .005

Albumin, g/L 36.5 ± 7.3 36.9 ± 7.3 34.7 ± 7.0 .075

Total cholesterol, mmol/L 4.89 ± 1.75 4.80 ± 1.73 5.36 ± 1.81 .059

Triglycerides, mmol/L 1.69 (1.11 to 2.55) 1.69 (1.11 to 2.56) 1.65 (1.12 to 2.45) .800

HDL‐C, mmol/L 1.16 ± 0.43 1.15 ± 0.44 1.19 ± 0.36 .661

LDL‐C, mmol/L 3.04 ± 1.36 2.98 ± 1.35 3.33 ± 1.35 .129

Calcium, mmol/L 2.13 ± 0.17 2.13 ± 0.17 2.14 ± 0.17 .785

Phosphorus, mmol/L 1.17 ± 0.25 1.15 ± 0.25 1.23 ± 0.22 .052

cfPWV, m/s 10.5 ± 3.5 10.4 ± 3.6 11.3 ± 3.3 .131

Seated SBP, mm Hg 136.3 ± 20.3 134.6 ± 19.2 145.0 ± 23.7 .002

Seated DBP, mm Hg 84.1 ± 11.3 84.3 ± 11.0 83.3 ± 12.8 .627

Seated heart rate, bpm 74.0 ± 12.4 74.4 ± 12.8 72.0 ± 9.9 .249

1st standing SBP, mm Hg 133.1 ± 20.4 134.1 ± 19.3 127.7 ± 24.8 .063

1st standing DBP, mm Hg 85.8 ± 12.1 87.5 ± 11.4 77.3 ± 11.9 <.001

2nd standing SBP, mm Hg 133.9 ± 21.6 135.1 ± 20.3 127.3 ± 27.1 .033

2nd standing DBP, mm Hg 86.4 ± 12.4 88.1 ± 11.5 77.3 ± 13.2 <.001

3rd standing SBP, mm Hg 133.5 ± 21.7 134.8 ± 20.5 126.3 ± 26.6 .023

3rd standing DBP, mm Hg 86.7 ± 12.7 88.5 ± 11.6 76.7 ± 14.0 <.001

∆ SBP, mm Hg 5.5 (0 to 12.0) 4.25 (−1.13 to 8.50) 23.8 (21.0 to 28.6) <.001

∆ DBP, mm Hg ‐0.5 (−4.0 to 3.4) ‐1.0 (−4.5 to 1.0) 9.5 (5.5 to 12.0) <.001

Abbreviations: ∆ DBP, orthostatic diastolic blood pressure reduction; ∆ SBP, orthostatic systolic blood pressure reduction; ACEI, angiotensin‐con‐
verting enzyme inhibitor; ARB, angiotensin receptor blockers; BMI, body mass index; CCB, calcium channel blockers; cfPWV, carotid‐femoral pulse 
wave velocity; CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; EPO, erythropoietin; HDL‐C, 
high‐density lipoprotein cholesterol; LDL‐C, low‐density lipoprotein cholesterol; SBP, systolic blood pressure.
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SBP/DBP reduction. This association is in line with findings from 
previous large‐scale community‐based studies.14,15 Using a widely 
adopted diagnostic criteria, we identified that 16.0% of the sub‐
jects had orthostatic hypotension. The markedly increased risk of 
orthostatic hypotension in patients with renal failure has been noted 
by previous investigations.3,4,16 In fact, risk factors for orthostatic 

hypotension, including diabetes, aging, and hypertension, are known 
to be highly prevalent in patients with CKD. However, there is a 
paucity of data on other pathologic factors that might contribute to 
orthostatic intolerance in the context of CKD other than the afore‐
mentioned traditional risk factors. The present study highlights the 
particular role of anemia in this CKD sequela, which might help to 

F I G U R E  1   Correlations of orthostatic blood pressure reductions with estimated glomerular filtration rate and hemoglobin
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understand the underlying pathophysiologic mechanism and iden‐
tify potential targets for intervention.

Anemia is an intrinsic characteristic of renal dysfunction. The 
kidney is the major producer of erythropoietin, which in turn stim‐
ulates red blood cell production in the bone marrow and hence 
maintains normal red blood cell turnover and a constant hemoglo‐
bin level. Anemia occurs due to insufficient EPO production when 
kidneys are diseased. It develops at the early stages of CKD and 
worsens as CKD progresses. In our study, most of the study sub‐
jects were anemic with an average hemoglobin level of 117.4 g/L. 
This diminished hemoglobin level was significantly associated with 
impaired orthostatic BP stabilization in these patients, independent 
of potential confounders, with every 10 g/L decrease in hemoglo‐
bin associated with a 0.7/0.4 increase in the orthostatic SBP/DBP 
reduction. More importantly, this finding remains significant even 
after adjustment for eGFR, indicating that the association is not just 
due to the fact that reduced hemoglobin is a proxy of CKD severity, 
but rather reflects the direct effect of reduced hemoglobin on or‐
thostatic BP regulation.

There are several possible pathophysiologic pathways in which 
reduced hemoglobin could exert an effect on orthostatic BP regu‐
lation. First, hemoglobin can sequester and inactivate nitric oxide 
(NO), and this inactivation is reduced in the anemic state.17,18 It has 
also been shown that anemia can induce renal and vascular NO syn‐
thase upregulation and increase NO production.19 Hence, tissue NO 
level is increased in response to reduced hemoglobin, which will 
result in peripheral vasodilation and lower systemic vascular resis‐
tance. In view of the fact that peripheral vasoconstriction is criti‐
cal for systemic compensation for postural BP reduction,20 anemia 
can thus induce orthostatic hypotension. Second, the viscosity of 
the blood, which is largely dependent on the concentration of red 
blood cells,21 is reduced in anemia and this reduced blood viscosity 
will decrease peripheral vascular resistance as well. Third, anemia 

TA B L E  2   Association between hemoglobin level and orthostatic 
blood pressure change

 

∆ SBP ∆ DBP

Ba 95% CI P Ba 95% CI P

Model 1 −1.4 0.3 <.001 −0.6 0.2 <.001

Model 2 −1.1 0.3 <.001 −0.6 0.2 .003

Model 3 −0.7 0.3 .035 −0.4 0.2 .049

Note: Model 1: adjusted for age and sex;
Model 2: Model 1 + body mass index, current smoker, diabetes, 
previous cardiovascular disease, use of antihypertensive medications, 
statins, systolic blood pressure, albumin, and carotid‐femoral pulse 
wave velocity.
Model 3: Model 2 + eGFR.
Abbreviations: ∆ DBP, orthostatic diastolic blood pressure reduction; 
∆ SBP, orthostatic systolic blood pressure reduction; eGFR, estimated 
glomerular filtration rate.
aAll estimates were calculated per 10 g/L increase in hemoglobin. 

TA B L E  3   Association between hemoglobin level and orthostatic 
blood pressure change in patients not using erythropoietin

 

∆ SBP ∆ DBP

Ba SE P Ba SE P

Model 1 −1.4 0.4 <.001 −0.6 0.2 .009

Model 2 −1.2 0.4 .002 −0.6 0.2 .015

Model 3 −0.9 0.4 .021 −0.5 0.2 .045

Note: Model 1: adjusted for age and sex;
Model 2: Model 1 + body mass index, current smoker, diabetes, 
previous cardiovascular disease, use of antihypertensive medications, 
statins, systolic blood pressure, albumin, and carotid‐femoral pulse 
wave velocity.
Model 3: Model 2 + eGFR.
Abbreviations: ∆ DBP, orthostatic diastolic blood pressure reduction; 
∆ SBP, orthostatic systolic blood pressure reduction; eGFR, estimated 
glomerular filtration rate.
aAll estimates were calculated per 10 g/L increase in hemoglobin. 

TA B L E  4   Hemoglobin mediates the association of eGFR with orthostatic blood pressure change

 

∆ SBP ∆ DBP

Estimate 95% CI P Estimate 95% CI P

Model 1

ACME −0.03 −0.06 to −0.01 .004 −0.02 −0.03 to 0.00 .022

ADE −0.06 −0.10 to −0.02 <.001 −0.02 −0.04 to 0.01 .178

Total effect −0.09 −0.13 to −0.05 <.001 −0.03 −0.06 to −0.01 .010

Proportion mediated 35.4% 12.0 to 65.0% .004 47.7% 5.1 to 155.0% .032

Model 2

ACME −0.03 −0.06 to −0.01 .012 −0.02 −0.04 to −0.01 .010

ADE −0.06 −0.10 to −0.02 <.001 −0.01 −0.04 to 0.02 .528

Total effect −0.09 −0.13 to −0.05 <.001 −0.03 −0.05 to 0.0 .032

Proportion mediated 34.8% 7.8 to 76.0% .012 70.2% 3.9 to 336.0% .042

Abbreviations: ∆ DBP, orthostatic diastolic blood pressure reduction; ∆ SBP, orthostatic systolic blood pressure reduction; ACME, average causal 
mediation effects; ADE, average direct effect; eGFR, estimated glomerular filtration rate.
Model 1: adjusted for age, sex, smoker, and diabetes;
Model 2: Model 1 + systolic (for ∆ SBP)/diastolic (for ∆ DBP) blood pressure, carotid‐femoral pulse wave velocity, and albumin.
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can result in a significant increase in cardiac output and an impaired 
cardiac reserve, which will limit cardiac compensation in certain sit‐
uations such as exercise and orthostatic BP maintenance. Last, ane‐
mia might also impair the normal orthostatic BP regulation ability 
by exerting a negative effect on the autonomic nervous system that 
leads to autonomic dysfunction.22,23

The causative effect of reduced hemoglobin on impaired ortho‐
static BP stabilization is supported by previous intervention stud‐
ies with EPO. In an early milestone study, Hoeldtke et al9 treated 
eight orthostatic hypotensive patients with EPO and found that the 
treatment markedly alleviated postural BP reduction with increased 
hematocrit. Their finding was confirmed by several subsequent stud‐
ies.24-26 It has to be pointed out that these studies are limited to a 
very small number of patients with heterogeneous etiologies, and 
there is a paucity of investigations into the effect of EPO on ortho‐
static hypotension in CKD patients, although EPO has been routinely 
used for anemia treatment in these patients. Notably, EPO has been 
shown to be vascularly active and can increase BP in addition to its 
erythropoietic effect.27,28 It is still unclear whether the effect of EPO 
on orthostatic BP regulation is merely due to its effect of anemia 
correction or involves other direct effects on the vascular system as 
well. In our analysis, we demonstrated that the associations between 
hemoglobin level and orthostatic BP reductions remained significant 
in patients without concurrent EPO use, suggesting that this associa‐
tion was not due to the confounding effect of EPO treatment.

Our results, if confirmed, have potentially important clinical im‐
plications. As mentioned above, orthostatic hypotension is prevalent 
in patients with renal failure. It has been proven to be an indepen‐
dent predictor for mortality in those on maintenance hemodialysis 
as well as in the general population.6,7,29,30 In addition to its associ‐
ation with outcome, it can also result in fall, fracture, and syncope, 
which will compromise patients' health and quality of life. Moreover, 
we and others have demonstrated that impaired orthostatic BP sta‐
bilization is associated with cognitive impairment in dialysis patients 
and in the elderly, respectively.31,32 In light of these detrimental ef‐
fects of orthostatic intolerance, our findings would inform clinicians 
to specifically screen for this condition in CKD patients with severe 
anemia. In addition, although EPO has been routinely used clinically 
for anemia correction in CKD, it should be checked whether the use 
of EPO is sufficient for restoring orthostatic homeostasis in these 
patients, especially given that current guideline recommends a tar‐
get hemoglobin level for EPO treatment below general diagnosis cri‐
teria of anemia.33 Furthermore, our results may also provide insight 
into the pathogenesis of increased risk of cardiovascular events in 
CKD. For example, it is known that CKD patients suffer a higher risk 
of stroke and this increased risk is more pronounced in those with a 
combination of CKD and anemia.34 Since orthostatic hypotension is 
a proven risk factor for stroke,20,35 it might be the pathophysiologic 
explanation for this exaggerated risk.

Our study has several limitations. First, due to the cross‐sectional 
observational design, causal inference of the associations found in 
the present study cannot be made. Second, the hemoglobin level 
was measured only once in our study while it is actually dynamic 

especially when EPO is used. However, this was partly addressed as 
we performed a sensitivity analysis excluding those on EPO treat‐
ment and confirmed the association in those without concurrent 
EPO use. Third, participants who were included in this study might 
be healthier than subjects who rejected the invitation to participate 
and, hence, the study group may not be a good reflection of the gen‐
eral CKD population, which might limit the generalizability of the 
results. Finally, although we tried to adjust for confounder exten‐
sively, there might still be some residual confounding effects as well 
as potential confounding factors not measured in the current study.

In conclusion, we found that reduced hemoglobin was inde‐
pendently associated with impaired orthostatic BP stabilization in a 
group of non‐dialysis‐dependent CKD patients. Our mediation anal‐
ysis suggests that reduced hemoglobin contributes to a significant 
part of orthostatic BP reduction in renal failure. These results pro‐
vide further insight into the pathophysiologic mechanism underlying 
impaired orthostatic homeostasis in CKD and warrant physicians' 
screening for orthostatic hypotension in those with combined CKD 
and anemia.
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