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ABSTRACT
Objectives  Increased aortic stiffness measured with 
carotid-femoral pulse wave velocity (cf-PWV) has been 
associated with adverse cardiovascular outcomes. Some 
studies have reported increased cf-PWV in living kidney 
donors after nephrectomy. This review aimed to determine 
the effects of living kidney donation on cf-PWV, glomerular 
filtration rate (GFR), systolic blood pressure (SBP), diastolic 
blood pressure (DBP) and their differences versus non-
nephrectomised healthy individuals.
Design  Systematic review and meta-analysis.
Data sources  Electronic databases (MEDLINE, EMBASE, 
Cochrane Central databases, Cochrane Register of 
Controlled Trials, Cochrane Methodology Register, Health 
Technology Database, Technologies in Health, EBM 
Reviews, ProQuest and ‘Grey Matters Light’). Databases 
were searched from inception to December 2022.
Eligibility criteria  We searched for studies that 
measured cf-PWV in living kidney donors before and/
or after nephrectomy. Non-nephrectomised healthy 
individuals included as controls were the comparators. 
Studies that provided age-adjusted cf-PWV reference 
values in normotensive healthy individuals were also 
included.
Outcome measures  We evaluated the mean differences 
in cf-PWV, GFR and BP before-and-after nephrectomy 
and their mean differences versus non-nephrectomised 
healthy comparators. We also explored differences in 
yearly adjusted cf-PWV changes between donors and 
normotensive healthy individuals.
Data extraction/synthesis  Two independent reviewers 
extracted data and assessed risk of bias (Risk of Bias tool 
for non-Randomised studies: ROBINS-I) and quality of 
evidence (GRADE). Pooled effect estimates were calculated 
using the inverse variance method and analysed with 
random effect models.
Results  Nine interventional (652 donors; 602 controls) 
and 6 reference studies (6278 individuals) were included. 
cf-PWV increased at 1-year postdonation (p=0.03) and 
was on average 0.4 m/s (95% CI 0.07; 0.60) higher than 
in healthy controls (p=0.01). These differences were 
non-significant 5 years postnephrectomy (p=0.54). GFR 
decreased after nephrectomy (p<0.001) and remained 
reduced compared with healthy controls (p<0.001), but 
SBP and DBP were not significantly different (p≥0.14). 
Yearly changes in cf-PWV postnephrectomy were similar 
to age-adjusted reference values in healthy normotensive 
individuals (p=0.76).

Conclusions  Aortic stiffness increases independent of 
BP 1 year after kidney donation, but the long-term effects 
seem minimal. These findings may impact future consent 
of prospective living kidney donors.
PROSPERO registration number  CRD42020185551.

INTRODUCTION
Living kidney donors (LKDs) are exposed to 
perioperative and long-term risks, including 
potential adverse effects on kidney health.1 
Although kidney hypertrophy is a recognised 
physiological response to unilateral nephrec-
tomy, LKDs ultimately lose on average 30% 
of their predonation total glomerular filtra-
tion rate (GFR).1 2 Although this reduction in 
GFR may be of concern to donors and clini-
cians,3 the absolute risk increase for kidney 
failure, cardiovascular disease or death after 
donation is small and even lower than in the 
general population.2 4 5

Carotid-femoral pulse wave velocity (cf-
PWV) is a surrogate of the intrinsic stiffness 
of the arterial wall and has been reported 
as highly predictive of cardiovascular events 
in high-risk populations.6 7 The prognostic 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ Comprehensive systematic review using multiple 
electronic databases and rigorous assessment of 
study quality and certainty of the evidence.

	⇒ The Risk of Bias tool for non-Randomised studies 
was used to independently evaluate risk of bias and 
study quality.

	⇒ The inclusion of two comparator groups of non-
nephrectomised healthy controls was used to as-
sess changes in carotid-femoral pulse wave velocity 
in living kidney donors after donation.

	⇒ The inclusion of blood pressure as outcome permit-
ted to assess if changes in carotid femoral pulse 
wave velocity were dependent on changes in blood 
pressure.

	⇒ The study was limited by the small number of stud-
ies and the paucity of well-designed cohort studies 
with long-term follow-ups.
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value of cf-PWV has been associated with the integrated 
measure of the impact of cardiovascular risk factors on 
the arterial wall and the adverse haemodynamic effect 
of aortic stiffness.6–8 Recently, several prospective studies 
involving measurements of cf-PWV have documented 
that LKDs have increased aortic stiffness after nephrec-
tomy when compared with healthy controls of similar 
age.9–15 Although most of these investigations involved 
small samples and limited follow-up times,16 17 these find-
ings are relevant since increased cf-PWV is associated with 
adverse cardiovascular outcomes and all-cause mortality 
in the general population.18 Since most of these studies 
did not detect increases in systemic blood pressure (BP) 
postnephrectomy,17 a reduction in GFR may be an inde-
pendent graded risk factor for cardiovascular remodelling 
in LKDs.19 Moreover, this phenomenon may be particu-
larly important for young LKDs who have the longest risk 
exposure to the effects of reduced kidney mass.

To determine the effects of living kidney donation 
on aortic stiffness and their differences relative to non-
nephrectomised healthy individuals, we conducted 
a systematic review and meta-analysis to evaluate the 
progression of cf-PWV, changes in arterial BP and GFR 
in LKDs before-and-after nephrectomy. We also gath-
ered data on differences in cf-PWV, BP and GFR between 
LKDs and their non-nephrectomised healthy compara-
tors. Finally, we explored whether yearly changes in aortic 
stiffness in LKDs determined by cf-PWV, differed from 
age-adjusted reference values in normotensive healthy 
individuals. We hypothesised that living kidney donation 
would decrease kidney function and increase aortic stiff-
ness and arterial BP compared with non-nephrectomised 
healthy individuals.

MATERIALS AND METHODS
The review was conducted in accordance with the 
Cochrane Collaboration Methods, Systematic Reviews 
standards and reported according to Preferred Reporting 
items for Systematic Reviews and Meta-Analysis (PRISMA) 
guidelines.20 The study protocol has been published21 and 
registered in PROSPERO (CRD42020185551) (www.crd.​
york.ac.uk/prospero).22 The study protocol is uploaded 
as online supplemental file 2. The PRISMA guidelines 
were followed and a checklist file is included.23

Data sources, search criteria and eligibility
We conducted a comprehensive search (online supple-
mental appendix 1) to retrieve all observational studies 
published to December 2022 that included healthy indi-
viduals participating in a kidney donation programme 
who underwent measurements of cf-PWV before and/
or after nephrectomy. Our initial search during protocol 
registration was undertaken until December 2020 and it 
was subsequently updated until March 2021 at the time of 
protocol publication.21 The broad nature of our original 
search captured studies with additional metrics of arte-
rial stiffness.21 However, these secondary outcomes were 

not considered in this review as we focused on cf-PWV. 
The search was applied to several electronic databases 
including MEDLINE, EMBASE, Cochrane Central data-
bases, Cochrane Register of Controlled Trials, Cochrane 
Methodology Register, Health Technology Database, 
Technologies in Health and EBM Reviews. EMBASE, 
MEDLINE, EBM reviews were searched through the 
OVID platform and the Cochrane Register was searched 
via EBM. We searched for grey literature through the 
“Grey Matters Light” platform from the Canadian Agency 
for Drugs and Technology in Health and the ProQuest 
website for dissertations and theses. We also searched for 
studies that included cf-PWV in healthy individuals from 
the general population that evaluated age effects and 
aortic stiffness. Population-based studies were searched 
using the following keywords and filters: aortic stiffness, 
arterial stiffness, cf-PWV, PWV, age, adults, humans, refer-
ence or normal values, healthy participants or subjects 
and normal volunteers. There were no language restric-
tions in the initial search although during screening only 
studies published in English, French, Spanish, Portu-
guese and Italian were included. We also identified data 
sources from manual searches of references in some rele-
vant citations. All search results were downloaded into an 
Excel spreadsheet and screened by title and authors to 
remove duplicates.

Study inclusion and exclusion criteria
Our target population included healthy adult individ-
uals (>18 years of age) who met standard institutional 
kidney donation criteria and had aortic stiffness evalu-
ated with cf-PWV before and/or after nephrectomy. Non-
nephrectomised healthy individuals included as healthy 
controls within the same study were used as comparators. 
Since prospective randomised clinical trials of kidney 
donation would never be possible for ethical reasons, 
we included prospective non-randomised (cohort, case–
control, case series, before and after) and retrospec-
tive studies, provided that ≥10 subjects per study were 
enrolled.

Outcomes
The primary outcomes were the mean differences in 
cf-PWV before and after nephrectomy in LKDs, and 
the mean differences versus their non-nephrectomised 
healthy comparators. Secondary outcomes were the predo-
nation and postdonation mean differences in systolic BP 
(SBP) and diastolic BP (DBP) and GFRs in LKDs and 
the mean differences versus their non-nephrectomised 
healthy comparators. Exploratory outcomes were the 
differences in the yearly adjusted changes in cf-PWV 
between LKDs and a group of normotensive healthy indi-
viduals who participated in population-based studies of 
aortic stiffness.

Screening and study selection
Two independent reviewers screened abstracts and titles. 
We excluded non-human, in vitro or modelling studies, 
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narrative/systematic reviews, paediatric investigations 
and letters to the editor. After screening was completed, 
reviewers examined the study methods to confirm that 
cf-PWV measurements were performed with validated 
automatic devices. The selected studies underwent full-
text review by two independent reviewers according 
to predefined inclusion and exclusion criteria (online 
supplemental appendix 2). In case of disagreement, 
a third reviewer was available to achieve consensus by 
discussion. We also screened for studies that included 
healthy individuals from the general population where 
age-adjusted values for cf-PWV were reported (reference 
studies). The two reviewers selected those studies that 
explicitly included healthy normotensive individuals (>18 
years) with no history of cancer, cardiovascular, neuro-
logic, inflammatory or kidney disease. To clarify missing 
information, we contacted study authors by electronic 
mail. We declared a null response if no reply was obtained 
after three email attempts within a 4-month period.

Data extraction
A data extraction form was prepared a priori from 
consensus among investigators and piloted for optimis-
ation. Two reviewers independently performed full data 
extraction (online supplemental appendix 3). Published 
secondary analyses associated with an original study were 
considered part of a single study.

Study quality
The risk of bias was assessed using the Risk of Bias tool 
in non-Randomised studies (ROBINS-I) and each study 
was independently evaluated by two reviewers according 
to seven domains including confounding, selection, clas-
sification of the intervention, deviation from intended 
intervention, missing data, outcome measurement and 
reporting.24 Each reviewer classified the risk of bias for 
each domain as low, moderate, serious, critical or no 
information available. A final consensus produced an 
overall risk of bias for each study. Since the purpose of 
including reference studies was to provide normative 
values, their study quality was not assessed.

Certainty of the evidence
Quality of the certainty of the evidence was evaluated 
according to the five domains of the Grades of Recom-
mendation, Assessment, Development and Evaluations 
(GRADE), and the overall assessment was reported as 
very low, low, moderate or high.25

Statistical analyses
Meta-analysis
The weighted mean differences and their 95% CIs were 
calculated using the reported means and SDs from 
each study. In cases where different measures of central 
tendency (ie, median) and distribution (ie, IQR) were 
reported, means and SD were estimated according to the 
algorithms described by Luo et al.26 For studies9 13 that did 
not include predonation values, postdonation differences 
between LKDs and healthy controls were estimated using 

the mean absolute cf-PWV. To determine the level of skew-
ness in small sample size studies (n<35), we subtracted 
the extreme value of the reported range or quartile distri-
bution from the estimated means calculated by the Luo et 
al’s method26 and divided by the estimated SD according 
to Altman and Bland.27 Only cases with a ratio less than 
1 (suggesting severe skewness) were log transformed. To 
explore statistical heterogeneity between studies, the Q test 
and the I2 statistic were used (with a value of I2>65 consid-
ered to be a highly important heterogeneity). To find 
potential sources of heterogeneity, we stratified studies 
by subgroups according to the duration of follow-up and 
study design. Sensitivity analyses included examination 
of effect model, parameter estimates and methodolog-
ical quality. If suitable, the pooled effect estimates were 
calculated using the method of the inverse variance and 
data was modelled according to the DerSimonian-Laird 
Method (random effects model) (p<0.05). To minimise 
the risk of artificially increasing the precision of the 
effect estimates due to counting the same patient twice 
in before-and-after studies (‘double-counting’ error),28 
we reduced by 50% the number of study participants 
for each measurement.29 To determine the strength of 
this approach, a sensitivity analysis between the models 
with and without adjustment was performed. Intergroup 
differences were analysed using the Cochrane Q test with 
p<0.10. Publication bias was investigated by Funnel plots, 
and asymmetry was evaluated if the number of studies in 
the meta-analysis was greater than 10. All meta-analyses 
used RevMan V.5.4 (Copenhagen: The Nordic Cochrane 
Centre, The Cochrane Collaboration, 2014).

Reference studies
Yearly changes in cf-PWV (m/s/year) for kidney donors 
and healthy controls were estimated using the mean 
differences between predonation and postdonation 
values divided by the number of years of observation. In 
reference studies, the yearly changes in cf-PWV (m/s/
year) were estimated according to the age-decade average 
differences reported at the 90–97.5th percentile of the 
distribution. This cut-off would ensure that the area 
under the normal curve would fall within 1.282–1.960 
SD from the mean cf-PWV for each decade. If these data 
were not available, we used the beta coefficient of the 
age and cf-PWV regression function. The significance of 
between-group comparisons was assessed by independent 
t-tests (two tailed) (p<0.05). The differences in cf-PWV 
are reported as the means and their 95% CI (or their SD, 
if noted), while for absolute cf-PWV values, medians and 
quartiles are described. Quantitative analyses used IBM 
SPSS statistics, V.29.

RESULTS
Study characteristics
The search strategy found 568 citations. After screening 
and full-text review, nine studies met the final eligibility 
criteria (figure  1). Five studies9–15 compared LKDs and 
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healthy controls, but only three of those had measure-
ments before-and-after donation.11 12 14 15 Four additional 
studies included single cohorts of LKDs with measure-
ments predonation and postdonation.30–33 We identified 
three reports based on secondary analyses10 11 34 that were 
considered part of their original publication9 12 (figure 1). 
Three of our included studies12 14 15 that were published by 
the same research group (UK) had participants evaluated 
at different time periods and some degree of overlap was 
assumed. In the absence of confirmation, these studies 
were analysed independently. Online supplemental table 
S1 and online supplemental appendix 4 summarise the 
characteristics of studies, participants and country of 
origin.

Population characteristics
Living kidney donors
A total of 652 LKDs had measurements of cf-PWV 
after kidney donation, but only 438 LKDs (in 7 
studies)11 12 14 15 30–33 had examinations before and after 
nephrectomy. The remaining 214 LKDs (in 2 additional 
studies)9 10 13 did not have predonation assessment. The 
cf-PWV was measured in two studies at 6 months after 

donation,11 12 33 in six studies at 12 months11 12 14 15 30–32 
and in three studies at 5 years or longer (5, 6 and 9 
years)9 13 15 (online supplemental table S-1). Among all 
studies, average age at donation was 48.0 years (± 5.0 
years) (range: 41.0–54.1 years) with most organs donated 
by females with an average proportion of 63.4% (range: 
54%–87%) per study. Only three studies11–13 15 reported 
the ethnic composition of LKDs. Donors were predom-
inantly white Caucasian (range: 90%–94.6%) with a 
minority of Asian (range: 6%–7%) and black heritage 
(range: 0%–3%). Only two studies9 31 reported a detailed 
definition of hypertension characterised as SBP>140 mm 
Hg and/or DBP>90 mm Hg; or by the use of antihyper-
tensive therapy due to previously diagnosed hyperten-
sion. In seven of the nine studies, an average of 12.5% 
(range: 0%–32%) of LKDs were hypertensive at the time 
of donation and this rate increased to an average of 
17.2 .% (range: 4%–32%; 4 studies) and 12.8% (range: 
5.4%–18.8%; 4 studies) at 12 months and 5–9 years after 
donation, respectively. Moreover, an average of 32.9% of 
donors (range: 28%–44%) were current smokers and/or 
individuals with a history of previous smoking, although 

Figure 1  PRISMA flow chart. PRISMA, Preferred Reporting items for Systematic Reviews and Meta-Analysis.
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the duration of exposure was not reported. The most 
common medications prescribed for LKDs prior to organ 
donation were antihypertensives and lipid-reducing 
drugs (eg, statins). The most common antihyperten-
sive medications were angiotensin-converting enzyme 
(ACE) inhibitors or angiotensin receptor blockers (ARB) 
(range: 0%–19% in 5 studies), calcium channel blockers 
(range: 2%–5%; in 6 studies) and beta blockers (2%; in 
3 studies). Statins were reported with an average rate 
between 0% and 12% in 6 studies. There was no informa-
tion on cardiovascular risk assessment predonation and 
hypertension management with diuretics.

Healthy controls
A total of 602 healthy individuals were included as compar-
ators in 5 studies (online supplemental table S1). Two 
studies had comparative assessments at 12 months after 
nephrectomy,11 12 14 one at 12 and 60 months,15 and two at 
5 years or longer (5, 6 and 9 years).9 10 13 The average age 
of healthy controls in these studies was 46 years (range: 
43–49 years) compared with 49 years (range: 46–51 years) 
in kidney donors. The incidence of hypertension, history 
of cardiovascular disease and diabetes mellitus was higher 
in kidney donors postdonation, relative to controls. The 
average proportion of hypertension, history of cardio-
vascular disease and diabetes mellitus was 6.3% (range: 
0%–9% in 5 studies), 16.7% (range: 0%–28% in 3 studies) 
and 0.5% (range: 0%–2% in 4 studies) in healthy controls 
compared with 11.0% (range: 5%–18.8% in 5 studies), 
19.6% (range: 4.9%–34% in 3 studies) and 1.6% (range: 
0%–5.9% in 4 studies), respectively in LKDs. Only three 
studies11 12 14 15 documented the proportions of current 
and previous smokers between these two subpopulations 
ranging between 2% and 28% in controls vs 6% and 44% 
in donors. The most frequent medications prescribed to 
healthy controls as reported in two studies14 15 were ACE 
inhibitors/ARBs, statins and calcium channel blockers. 
Their proportions at the time of initial recruitment 
ranged from 3% to 7%, 7% to 13% and 2% to 3%, respec-
tively. Ethnicity in healthy controls was only reported 
in three studies.11–13 15 The ethnic distribution of these 
participants was white Caucasian (range: 84%–95%), 
Asian (9%) and black heritage (6%–7%). None of the 
studies reported cardiovascular risk in healthy controls. 
Additional baseline characteristics were either part of the 
exclusion criteria or were not sufficiently reported.

Outcome measures
Aortic stiffness
The primary outcome analysis included seven 
studies11 12 30–33 with non-adjusted cf-PWV values plus 2 
studies14 15 whose values were adjusted according to mean 
BP and heart rate. Due to limited information in these 
two studies, their adjusted values were not transformed. 
Online supplemental tables S2 and S3 summarise the 
unadjusted cf-PWV values in donors and controls, respec-
tively. The median unadjusted cf-PWV prior to nephrec-
tomy was 7.10 m/s (quartiles: 6.80, 7.52) and this value 

increased to a median of 7.21 m/s (quartiles: 7.14, 7.27) 
at 6 months, 7.30 m/s (quartiles: 7.22, 7.68) at 12 months 
and 7.69 m/s (quartiles: 7.50, 8.60) at 5 years. Figure 2 
shows the forest plots of the effect estimates on the 
unadjusted cf-PWV in LKDs before-and-after nephrec-
tomy and figure  3 illustrates their differences against 
healthy comparators. The unadjusted cf-PWV in LKDs 
increased with time after nephrectomy (Z=3.1, p=0.002; 
I2=0%). While these effects were statistically significant 
at 12 months after nephrectomy (Z=2.2, p=0.03; I2=10%; 
6 studies), they were not significant at 6 months (Z=1.3, 
p=0.20; I2=0%; 2 studies) or 5 years and longer (Z=1.8; 
p=0.07; 1 study). The mean difference in the unadjusted 
cf-PWV before and after donation was 0.23 m/s (95% CI 
−0.12; 0.58) at 6 months, 0.30 m/s at 12 months (95% CI 
0.03; 0.57) and 0.60 m/s at 5 years (95% CI −0.04; 1.24). 
At 12 months postdonation, unadjusted cf-PWV values in 
LKDs were on average 0.4 m/s (95% CI 0.08; 0.72) higher 
than in healthy controls (Z=2.43; p=0.01; 3 studies), 
but this difference became non-significant (mean: 0.15 
m/s; 95% CI −0.32; 0.62) at 5 years or longer after dona-
tion (Z=0.62; p=0.54). Statistical heterogeneity between 
studies was high at 12 months (I2=78%; p=0.01) and at 5 
years (I2=65%; p=0.02).

Kidney function
GFR in LKDs was measured in one study at 6 months post-
nephrectomy,33 in six studies at 12 months11 12 14 15 30–32 
and in three studies at 5 years or longer.9 10 13 15 Six studies 
estimated GFR using the chronic kidney disease (CKD) 
Epidemiology Collaboration equation (CKD-EPI) based 
on the Cr51EDTA clearance,11 12 14 15 30–32 one study33 esti-
mated GFR from 24-hour urine creatinine clearance, 
and two additional studies9 10 13 used both the modifica-
tion of Diet in renal disease and CKD-EPI from Iohexol 
clearance. Figure 4 shows the forest plots of the effects 
estimates on GFR in LKDs and figure  5 exhibits their 
differences against healthy controls. Relative to before 
nephrectomy, GFR decreased by an average of 30 mL/
min/1.73 m2 (95% CI −32; −28) throughout the 5-year 
follow-up period (Z=27.4; p<0.001). In particular, GFR 
decreased by 38 mL/min/1.73 m2 (95% CI −49; −26) 
within the first 6 months after nephrectomy (1 study; 
Z=6.5; p<0.001), by 31 mL/min/1.73 m2 (95% CI −34; 
−27) at 12 months (6 studies; Z=19.3; p<0.0001) and by 
28 mL/min/1.73 m2 (95% CI −31; −25) at 5 years or longer 
(3 studies; Z=17.3; p<0.0001). When these values were 
compared with healthy controls, LKDs had significantly 
lower GFRs (mean differences: −26 mL/min/1.73 m2; 
95% CI −28; −23; Z=22.1; p<0.001).

Systemic BP
In LKDs, SBP and DBP were measured non-invasively at 6 
months postdonation in one study,32 at 12 months in four 
studies,11 12 14 31 32 at 1 and 5 years in another,15 and longer 
than 5 years in two studies.9 10 13 A single study30 did not 
report BP postnephrectomy. Five studies11–15 32 reported 
the daily average BP derived from 24-hour BP monitoring, 
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while four studies9 10 30 31 33 reported BP values from the 
average of three measurements taken at the time of the 
office visit. Most studies except one9 10 measured BP in 
controls at initial recruitment and follow-up. The forest 
plots of the effect estimates on the SBP are represented 
in online supplemental figures S1, S2 and on the diastolic 
BP are presented in online supplemental figures S3, S4, 
respectively. Diastolic BP (Z=2.6; p=0.009) but not SBP 
(Z=0.8; p=0.44) increased with time after donation. This 
effect was only significant at 5 years postnephrectomy 
when diastolic BP increased by an average of 5 mm Hg 
(95% CI 2.1, 8.8; I2=63%; Z=3.2; p=0.001) relative to 
predonation values. When these time-related changes 
were compared with healthy controls, differences in 
systolic (mean differences: 0.8 mm Hg 95% CI −1.2; 2.7) 
and diastolic BP (mean differences: 1.1 mm Hg; 95% CI 
−0.4; 2.6) at 5 years or longer were non-significant 
(systolic: Z=0.8; p=0.43; diastolic: Z=1.48, p=0.14). 
Overall, statistical heterogeneity was moderate for systolic 
(I2=44%; χ2=12.5; p=0.08) and marginal for diastolic BP 
(I2=53%; χ2=14.1; p=0.04).

Comparison with reference values
Online supplemental table S4 shows the yearly changes in 
cf-PWV for 6 reference studies that included 6278 normo-
tensive healthy participants (>18 and <70 years).35–40 
Online supplemental table S5 shows the estimated yearly 
changes in non-adjusted cf-PWV for LKDs and healthy 

controls. The non-adjusted cf-PWV increased by an average 
of 0.174 m/s per year (±0.720) in LKDs (eight studies) 
and 0.090 m/s per year (±0.951) in healthy controls (four 
studies). The yearly increases in LKDs and their controls 
were comparable to the 0.1203 m/s per year (±0.1486) 
average increase from normotensive healthy individ-
uals (>18 to <70 years) (donors: t=0.20; p=0.84; controls: 
t=0.078; p=0.93). Since previous studies have indicated a 
larger yearly increase in cf-PWV for older age groups, we 
performed a subgroup analysis for individuals ≤60 years 
and >60 years. The average yearly increase in cf-PWV in 
reference studies for individuals ≤60 years was 0.0751 
m/s (±0.061) compared with 0.158 m/s (±0.143) in those 
>60 years (online supplemental table S4). Our analysis 
showed that there was no difference in the average yearly 
change in cf-PWV between LKDs (t=−0.301; p=0.76) or 
healthy controls (t=−0.026; p=0.97) against normotensive 
healthy individuals ≤60 years.

Sensitivity analyses
The effect of overlapping on the effect estimates between 
LKDs and healthy controls was tested by sequential exclu-
sion/inclusion of the involved studies.11 12 15 Exclusion 
decreased the mean cf-PWV difference at 12 months (full 
model: 0.40 m/s, partial models: 0.34 m/s, 0.31 m/s) 
and increased statistical heterogeneity (full model: 78%; 
partial models: 81%, 86%), but there was no effect on the 
overall estimates (χ2=0.32; df=1, p=0.57). Our assessment 

Figure 2  Pooled effect estimates on the carotid-femoral pulse wave velocity (cf-PWV) (m/s) in living kidney donors from before 
to after nephrectomy. In single cohort studies with before-and-after design, the number of living kidney donors allocated to each 
measurement was reduced by 50% to decrease ‘double-counting’ errors during the analysis.

https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
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Figure 3  Pooled effect estimates on the differences in carotid-femoral pulse wave velocity (cf-PWV) (m/s) between living 
kidney donors and their respective healthy comparators. Because predonation values for Bahous et al9 and Kasiske et al13 were 
not provided, mean differences between living kidney donors and controls were calculated using their mean absolute cf-PWV 
values. In the study by Bahous et al, the number of living kidney donors allocated to each measurement was reduced by 50% to 
decrease ‘double-counting errors’ during the analysis. NRR, non-recipient related; RR, recipient related.

Figure 4  Pooled effect estimates on the glomerular filtration rate (mL/min/1.73 m2) in living kidney donors from before to after 
nephrectomy. In all single-cohort studies with before-and-after design, the number of living kidney donors allocated to each 
measurement was reduced by 50% to decrease ‘double-counting’ errors during the analysis.
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of parameter estimates, quality and effect model did not 
change the final analysis.

We evaluated the impact of adjusting our model 
for ‘double-counting’ errors on the effect estimates 
in studies with before-and-after design11 12 14 15 30–33 by 
investigating the differences in the model with and 
without adjustment. The forest plots for the non-
adjusted analyses (primary and secondary outcomes) 
are illustrated in online supplemental figures S5,S6,S7 
and S8 . The mean differences and statistical hetero-
geneity for the model with and without adjustment 
are summarised in online supplemental table S6. The 
pooled mean differences and their precision were 
not significantly different between the two quanti-
tative models. Although the standard error (SE) in 
the non-adjusted model increased only by 3% (quar-
tiles: −5.1% to 7.4%), its statistical heterogeneity (I2 
value) notably increased by 35% (range: 22%–47%) 
compared with the adjusted model.

Risk of bias
Online supplemental table S-7 summarises the assess-
ment of the risk of bias with the ROBINS-I tool. Four 
of the five studies that included a control group11–15 
had moderate risk of bias (80%) and one serious 
risk of bias.9 10 Three single cohort studies30 31 33 had 
serious risk of bias (75%) and one moderate risk of 
bias.32 No study was classified as low risk or critical risk 
of bias. Risk of bias was associated with the presence 
of confounding bias, selection bias due to relaxation 

of inclusion criteria for donors and controls, missing 
data and selective reporting.

Funnel plots of asymmetry
The small number of studies (<10) in the meta-analysis 
and the likelihood that any test on asymmetry would be 
underpowered precluded using any test for reporting 
bias. Online supplemental figure S9 shows effect esti-
mates and sample sizes for studies with cf-PWV between 
LKDs and controls. A large asymmetry for both small 
and large sample size studies was evident and suggested 
potential risk for publication bias.

CERTAINTY OF THE EVIDENCE
Online supplemental table S-8 summarises certainty of 
the evidence for all outcomes according to the GRADE 
methodology. Confidence in the effect estimates was 
low to moderate for the cf-PWV, low for systemic BP and 
moderate to high for GFR.

DISCUSSION
In this systematic review, we pooled data from 652 LKDs, 
602 healthy controls and 6278 normotensive healthy 
participants with standard cf-PWV measurements to 
evaluate the effects of nephrectomy on aortic stiffness 
after living kidney donation. Based on low to moderate 
quality of evidence, our findings suggest that the impact 
of nephrectomy on aortic stiffness at 5 years postdonation 

Figure 5  Pooled effect estimates on the differences in glomerular filtration rate (mL/min/1.73 m2) between living kidney donors 
and their healthy comparators. In the study by Bahous et al,9 the number of living kidney donors allocated to each measurement 
was reduced by 50% to decrease ‘double-counting errors’ during the analysis.

https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
https://dx.doi.org/10.1136/bmjopen-2023-082725
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or longer is minimal, despite a reduction in kidney func-
tion. On the other hand, cf-PWV increases within the first 
year after nephrectomy, exceeding values observed in 
selected groups of non-nephrectomised healthy individ-
uals (average difference: 0.4 m/s), although these differ-
ences are negligible at 5 years postdonation (average 
difference: 0.15 m/s). Additionally, the yearly changes 
in cf-PWV after donation were similar to those in healthy 
normotensive individuals from the general population. 
Our review also suggests that 5 years after donation, 
SBP and DBP increased by an average of 3 and 5 mm 
Hg, respectively, but these changes were similar to those 
identified in healthy control groups. Thus, we hypothe-
sise that vascular remodelling occurs within the first-year 
postnephrectomy, leading to discrete elevation of aortic 
stiffness with no changes in systemic BP. Five years after 
nephrectomy, however, progression of aortic stiffness in 
LKDs is similar to the age-dependent effects observed in 
a healthy normotensive population.

Compared with values before donation, GFR in LKDs 
decreases by an average of 30 mL/min/1.73 m2 between 
6 months and 5 years after nephrectomy. These results 
are comparable to previous studies that reported reduc-
tions in kidney function between 30% and 50% after 
kidney donation.1 2 14 15 41 Our current analysis supports 
that a reduction in kidney function of such magnitude 
after donation is insufficient alone to cause significant 
effects on aortic stiffness at least 5 years postdonation. In 
contrast, similar reductions in kidney function in early-
stage CKD are associated with increased aortic stiffness 
and reduced vascular distensibility.42–45 Inflammation-
mediated endothelial injury,15 42 increased upregulation 
of matrix metallo-proteinase-2,46 abnormal calcium/
phosphorous mineral balance47 and extracellular fluid 
excess42 are mechanisms of vascular injury more likely 
found in CKD patients, which may play a role in the 
increased aortic stiffness in CKD, but not after kidney 
donation.9 41 46 48 49

Studies on the progression of aortic stiffness after kidney 
donation have had contradictory results. While some 
studies have shown an increase in aortic stiffness9–15 32 
others have documented a negligible effect.30 31 33 Varying 
study designs, small sample sizes, short-term follow-ups 
and differences between BP-adjusted and non-adjusted 
cf-PWV values may have contributed to the heteroge-
neity in the results. Our findings confirm that there is a 
paucity of well-designed cohort studies with large sample 
sizes and long-term follow-ups. In addition, although our 
meta-analysis increased the robustness of the comparisons 
between donors and controls, this analysis may have been 
underpowered to detect small differences. A difference of 
0.4 m/s (SD: 3) in cf-PWV between donors and controls 
would have required at least 883 participants per group 
with 80% power and level of significance of 5%. Although 
our analysis was adjusted for duration of follow-up and 
study quality, heterogeneity between studies was still 
present. We speculate that relaxation of study inclusion 
criteria may have led to unbalanced distribution of risk 

determinants (ie, hypertension, smoking, diabetes, 
dyslipidaemia) between the two cohorts. Because these 
confounders may decrease comparability, baseline differ-
ences should be minimised in future studies.

The effect of reduced kidney function, independent 
of increased BP, on aortic stiffness in LKDs is contro-
versial.17 44 50 In partially nephrectomised rats, reduced 
kidney function modified the viscoelastic properties of 
large arteries independent of the effects of age and BP.51 
However, since serum creatinine increased more than 
double compared with control animals, the magnitude of 
reduction in GFR may have not been similar to what is 
observed in LKDs. Our review suggests that except for a 
small increase in cf-PWV within the first-year postdonation, 
there were no differences in BP between healthy donors 
and controls. These findings support previous studies 
that have reported a reduction in the MRI-detected aortic 
distensibility in LKDs but not in healthy controls at 1-year 
postdonation,12 with these differences becoming negli-
gible at 5 years postnephrectomy.15 Furthermore, these 
changes in donor’s aortic stiffness may be associated with 
an increase in left ventricular mass 1-year postnephrec-
tomy,12 33 which is no longer noticeable at 5 years.15 52

Several risk factors (eg, African American or Hispanic 
ethnicity, obesity, age and diabetes) may increase the 
risk for elevated BP and aortic stiffness postdona-
tion.17 31 53–55 However, few studies have documented the 
role of genetics or ethnicity factors in the development of 
CKD and increased aortic stiffness.9 10 56 57 Kidney donors 
of African ancestry with mutations in the Apolipoprotein 
L1 gene (APOL1) are at higher risk for developing CKD, 
imposing new challenges to the process of donor selection 
and consent.58 59 Bahous et al9 10 who explored differences 
in cf-PWV between recipient and non-recipient-related 
healthy volunteers of Lebanese ancestry, found a signifi-
cantly higher rate of elevated aortic stiffness in recipient-
related healthy controls. Moreover, Muzaale et al57 and 
Wu et al60 reported marked differences in the risk for 
kidney failure across different types of donor-recipient 
and ethnicity relationships, suggesting genetic factors. 
Consequently, the role of genetic determinants in modi-
fying risk of aortic stiffness postdonation cannot be ruled 
out.

Beyond biological effects of reduced kidney function, 
nephrectomy may also result in alterations of the arte-
rial network that are associated with changes in haemo-
dynamics and functional stiffness of the arterial tree 
including those associated with the effect of the different 
types of yuxta-aortic vascular surgeries.61 Although few 
studies have documented that compensatory growth of 
the remaining kidney is commonly seen after unilateral 
nephrectomy,62 the relationship of this phenomenon with 
cardiovascular remodelling and vascular stiffness remains 
elusive. Interestingly, several circulating growth factors 
released during compensatory kidney hypertrophy63 have 
been associated with myocardial and central vascular 
remodelling.64 In particular, growth hormone (GH) 
and its main mediator insulin growth factor-1 (IGF-1) 
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are implicated in the early stages of compensatory renal 
hypertrophy65 and increase aortic wall thickness in trans-
genic mice models without any significant change in arte-
rial BP.66 Thus, we speculate that these circulating growth 
factors may be linked to the cardiovascular remodelling 
process and transient increase in aortic stiffness early 
after nephrectomy.

Limitations
The strength of this review includes a rigorous system-
atic methodology and assessment of study quality and 
certainty of the evidence. Nevertheless, our conclusions 
may be limited by the small number of studies and partic-
ipants, and the restricted access to information for data 
standardisation.11 12 14 15 In particular, over-representation 
of the Caucasian population in these studies prevents the 
applicability of our conclusions to other ethnicity groups. 
Furthermore, our sensitivity analysis on studies where 
overlapping was suspected11 12 14 16 suggested a reduced 
mean difference in cf-PWV at 12 months postdonation. 
Thus, the likelihood that overlapping might have influ-
enced our effect estimates cannot be completely excluded. 
Since cf-PWV is an operator-dependent technique,67 
important issues in the interpretation of these results are 
the comparability between medical devices,68 the varia-
tion due to the different calculating algorithms68 69 and 
the technical reproducibility of these measurements.67 
All selected studies used standard devices (online supple-
mental table S-5), although no information was given 
on their reproducibility.54 67 Despite our efforts to detect 
potential sources of heterogeneity, residual confounding 
was still present, and this may have impacted compara-
bility between cohorts. Additionally, we recognise that 
the different techniques used in the measurement of 
GFR (estimated vs direct measurement), and BP (24-hour 
monitoring vs office) may have contributed to the vari-
ability of these outcomes.70 71 Moreover, the confounding 
effects of antihypertensive therapy on the control of 
BP after donation and the limitations for adjusting the 
effects of gender and age72 73 in our analysis cannot be 
ignored. Age, in particular, may have a differential effect 
on arterial stiffness for males and females.72 Although 
both sexes experience an increase in arterial stiffness with 
ageing, the increase seems to be steeper in males than 
females.72 73 We believe that an individual participant data 
meta-analysis would have been a more appropriate way to 
synthesise our data and adjust aortic stiffness according 
to the different risk factors. Finally, the risk of publication 
and selection bias cannot be entirely ruled out.

CONCLUSIONS
Our systematic review and meta-analysis documented that 
reduced kidney function after living kidney donation is 
associated with a small elevation in aortic stiffness within 
the first year, independent of changes in systemic BP. 
These effects, however, become negligible 5 years postdo-
nation. The data suggest that vascular remodelling occurs 

within the first year postnephrectomy but is no longer 
detected after 5 years. In the absence of other critical 
cardiovascular risk factors, the effects of nephrectomy on 
aortic stiffness in LKDs at least 5 years after donation is 
insignificant. These results may have implications for the 
future evaluation and consent of prospective LKDs.
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