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C hronic kidney disease (CKD) has a global prevalence of
z10% and is independently associated with incident
cardiovascular disease (CVD).1 The risk of CVD in-

creases as estimated glomerular filtration rate (eGFR) declines
and is highest in those with kidney failure.1 Kidney trans-
plantation prolongs survival of patients with kidney failure,
and transplantation of a kidney from a living donor is
considered the optimal form of renal replacement therapy.
However, kidney donation may be associated with longer-
term risks of developing both CKD and CVD.S1,2 Currently,
we are unable to identify kidney donors most at risk of these
complications.

The kidney and eye are remarkably similar, and diseases in
the 2 organs may manifest via common pathways.3 Trans-
parency of the ocular media allows direct visualization and
imaging of the chorioretinal microvasculature that may be
affected in systemic diseases, such as CKD. Optical coherence
tomography angiography (OCT-A) allows rapid visualization
of the retinal microcirculation, and its potential clinical use
has been demonstrated in Alzheimer disease, diabetes melli-
tus, and hypertension.4–6 Herein, we compared retinal
microvascular phenotypes of patients with CKD, living kid-
ney donors, and healthy volunteers. We hypothesised that
living kidney donors, without CKD or overt CVD and
following kidney donation, would have retinal microvascular
changes similar to patients with CKD, mirroring their higher
risk of developing such complications.

We imaged 1 eye (either left or right) of 30 patients with
CKD, 30 age- and gender-matched healthy volunteers, and 30
kidney donors at the same time of day using the RTVue-XR
Avanti machine (Optovue, Inc.). Subject demographics are
shown in Supplementary Table S1. Both the superficial capillary
plexus and deep capillary plexuswere imagedwith a 3� 3-mm2

field of view and used to extract retinal metrics, as previously
describedS2 (Supplementary Figure S1A and Supplementary
Methods).

First, in a cross-sectional study, we investigated candidate
retinal biomarkers that might discriminate patients with CKD
from healthy volunteers. We used multiple regression models
corrected for age, gender, systolic and diastolic blood
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pressure, smoking status, and body mass index to investigate
associations between health and CKD and each extracted
retinal phenotype. Given the large number of retinal features,
false discovery rate was applied to correct P values as a con-
servative approach to reduce the chance of false-positive re-
sults (type I error). In addition, to avoid collinearity among
significant retinal phenotypes in downstream analyses,
correlated features were identified by applying hierarchical
clustering, where the proximity between variables is based on
the value of the Pearson correlation coefficient. By selecting a
value for the proximity equal to 0.5, we grouped variables
containing similar information (Supplementary Figure S1B).
For each group, the retinal feature with the smallest P value
was included in further analyses. Principal component anal-
ysis and k-means clustering were then applied to assess the
separability of the 2 groups based on the significant retinal
features selected. Finally, the similarity of kidney donors to
either healthy volunteers or patients with CKD was investi-
gated by assessing their proximity to each of the clusters
previously identified.

Next, we explored how retinal phenotypes might change
over time following kidney donation. We examined OCT-A
images in 10 kidney donors from predonation up to 15
months after kidney donation. Subject demographics are
shown in Supplementary Table S2. We investigated changes in
the 2 most common CKD-related vessel morphometrics re-
ported in previous investigations7,S3—(i) vessel density in the
parafoveal ring and (ii) foveal avascular zone (FAZ) area
(Supplementary Figure S1C)—as well as the significant fea-
tures obtained in our cross-sectional study. We calculated
differences in retinal phenotypes compared with predonation
measurements. Repeated OCT-A imaging was also performed
in 18 healthy volunteers to assess if these retinal measures
might change over time in health.

RESULTS
Living kidney donors align phenotypically with CKD
We found 6 retinal features associated with CKD, 2 related to
the distribution of shapes of the intercapillary spaces in the
temporal and superior regions, and 4 describing the tortu-
osity and curvature of vessels in the whole image and inferior
region. Clustering analysis performed on the principal
component analysis (Figure 1a) identified 2 clusters of retinal
features that separated those with CKD from healthy volun-
teers (controls) with accuracy of 78% (Figure 1b). Using the
same set of retinal features and methodological approach, we
defined where subjects who had previously donated a kidney
(donors; n ¼ 30) might sit in relation to controls and patients
with CKD. Notably, donors did not have eGFR impairment
diagnostic of CKD, or overt CVD. Principal component
analysis in Figure 1c shows that donors spanned both control
and CKD groups, with most donors falling into the CKD
cluster (Figure 1d), contrary to their clinical assessment. In
addition, we investigated whether the distribution of donors
in the first principal component of the controls-CKD plane
(the one with highest variance, principal component 1)
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correlated with covariates such as age, time since kidney
donation, and eGFR. No associations between principal
component 1 and these covariates were observed
(Supplementary Table S3), confirming that the alignment of
donors to either healthy subjects or patients with CKD was
not influenced by these recognized risk factors for CKD or
CVD.

Retinal vascular phenotypes associated with CKD evolve over
time in living kidney donors
We then investigated how the retinal features identified in
the cross-sectional study changed over time in healthy
controls and in kidney donors before, and following, kidney
donation. In health, we found that changes in almost all
retinal phenotypes distributed around 0 (P > 0.05), sug-
gesting that they did not change over time in this group. In
donors, we observed significant temporal changes in 6 of the
phenotypes that were stable in controls, including an in-
crease in FAZ area, a decreased asymmetry in the distribu-
tion of shapes of the intercapillary spaces (skewness of
circularity ratio measure) (Figure 2a and b), an increase of
vessel connectivity (clustering coefficient), a decrease in
extreme values of vessel curvature (kurtosis of curvature
measure), an increase in extreme values of vessel tortuosity
(kurtosis of tortuosity metric), and a decreased asymmetry
in the distribution of the vessel tortuosity (skewness of
tortuosity metric) (Supplementary Figure S2). Finally, as
kidney donors lose a degree of kidney function following
donation, we assessed if these longitudinal retinal changes
were associated with changes in eGFR (Figure 2c and d).
Interestingly, from the 6 phenotypes discovered, only the
increase in FAZ area showed a moderate degree of correla-
tion (R ¼ 0.54; P ¼ 0.03), whereas the temporal changes in
the remaining 5 could not be explained by changes in eGFR
after donation.

DISCUSSION
Following donation, living kidney donors lose overall
functional kidney mass but retain near-normal eGFR. It is a
recent recognition that living kidney donation has
increased longer-term risks of developing CKD and
CVD.S1,2 Identifying those donors most at risk remains a
clinical challenge. Using OCT-A imaging, we analyzed
retinal microvascular changes between 3 groups (healthy
volunteers, CKD, and donors). We found that OCT-A
discriminated healthy volunteers from patients with CKD,
and interestingly, living kidney donors aligned phenotypi-
cally with CKD, despite having near-normal kidney func-
tion. On the basis of these findings, we investigated how
OCT-A phenotypes that are stable in healthy individuals
evolved over time following kidney donation. Our longi-
tudinal analyses suggest that changes in FAZ, intercapillary
space shape, vessel connections, tortuosity, and vessel cur-
vature are retinal microvascular characteristics that might,
in future, help track the renal and cardiovascular conse-
quences of kidney donation beyond existing clinical
Kidney International (2022) 102, 661–665



Figure 1 | (a) Principal component analysis (PCA) of chronic kidney disease (CKD) and control groups. (b) Histogram of number of CKD
and control participants in each cluster. (c) PCA of control, CKD, and kidney donor groups. (d) Histogram of number of CKD, control, and kidney
donor participants in each cluster. PC, principal component.
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markers. Among these features, changes in FAZ area have
been reported previously in studies including patients with
CKD,7 whereas vessel tortuosity has been associated with
diabetes and hypertension, common risk factors for both
CKD and CVD.S4

Previous work has shown that retinal microvascular injury
is associated with CKD independently of age, gender, race,
hypertension, and diabetes.8 This suggests shared mecha-
nisms of injury between the eye and the kidney. It is well
recognized that alterations to the kidney’s microvasculature—
resulting in compromised blood flow—contribute to the
development of CKD.9 These can be a result of systemic
inflammation, an imbalance in angiogenic growth factors,
and/or dysfunction of the endothelium. They can promote
vessel rarefaction, which will worsen the existing hemody-
namic dysfunction, leading to renal ischemia, the gradual
accrual of scarring, and progression to kidney failure. These
systemic mechanisms may also account for injury within the
eye in patients with CKD. Indeed, they may also be
Kidney International (2022) 102, 661–665
responsible, in part, for the retinal microvascular changes we
are seeing in living kidney donors.

We recognize that the small sample size is a limitation of
our study. However, our 3 groups were matched in terms of
age and sex, and no family members of individuals with CKD
were included in the kidney donor group. In terms of
strengths and novelty, we have developed a new method to
analyze OCT-A images and extract retinal microvascular
phenotypes and, despite the preliminary nature of the lon-
gitudinal study, we have shown and quantified, for the first
time, changes in the retinal microvasculature over time in
living kidney donors.

In conclusion, this study represents a step forward in
characterizing the renal and cardiovascular consequences of
living kidney donation, and our findings may contribute to
refining risk assessment of these patients. Future work should
validate the generalizability of these findings in larger longi-
tudinal cohorts of kidney donors and so help translate this
knowledge into clinical practice.
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Figure 2 | (a,b) Box plots of signed relative errors in measurements between baseline and follow-up visits in kidney donors. (c,d)
Pearson correlations between differences in retinal phenotypes and differences in estimated glomerular filtration rate (eGFR) values (both over
the same period). FAZ, foveal avascular zone.
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