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Abstract
Background—There have been few prospective controlled studies of kidney donors.

Understanding the pathophysiological effects of kidney donation is important for judging donor
safety and for improving our understanding of the consequences of reduced kidney function in
chronic kidney disease.

Study Design—Prospective, controlled, observational cohort study.

Setting & Participants—Three-year follow-up of kidney donors and paired controls suitable
for donation at their donor’s center.

Predictor—Kidney donation.

Outcomes—NMedical history, vital signs, glomerular filtration rate and other measurements at 6,
12, 24 and 36 months after donation.

Results—At 36 months, 182 of 203 (89.7%) original donors and 173 of 201 (86.1%) original
controls continue to participate in follow-up visits. The linear slope of the glomerular filtration
rate measured by plasma iohexol clearance declined 0.36+7.55 mL/min per year in 194 controls,
but increased 1.47+5.02 mL/min per year in 198 donors (P = 0.005) between 6 and 36 months.
Blood pressure was not different between donors and controls at any visit, and at 36 months all
24-hour ambulatory blood pressure parameters were similar in 126 controls and 135 donors (mean
systolic: 120.0£11.2 [SD] v. 120.7+9.7 mmHg [P=0.6]; mean diastolic: 73.4+7.0 v. 74.5+6.5
mmHg [P=0.2]). Mean arterial pressure nocturnal dipping was manifest in 11.2%+6.6% of
controls and 11.3%z6.1% donors (P=0.9). Urinary protein-creatinine and albumin-creatinine
ratios were not increased in donors compared to controls. From 6 to 36 months post-donation,
serum parathyroid hormone, uric acid, homocysteine and potassium levels were higher, whereas
hemoglobin was lower in donors compared to controls.

Limitations—~Possible bias resulting from an inability to select controls screened to be as healthy
as donors, short follow-up duration, and drop-outs.

Conclusions—Kidney donors manifest several of the findings of mild chronic kidney disease.
However, at 36 months after donation, kidney function continues to improve in donors while
controls have expected age-related declines in function.

INDEX WORDS

Chronic kidney disease (CKD); renal insufficiency; unilateral nephrectomy; glomerular filtration
rate (GFR); kidney function; patient safety; parathyroid hormone (PTH); uric acid; homocysteine;
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potassium; hemoglobin; mineral and bone disorders; living kidney donation; kidney
transplantation

Understanding the pathophysiological effects of kidney donation is important both for
ensuring the safety of donors and for determining why mild reductions in kidney function
are associated with cardiovascular disease and other adverse outcomes in the general
population.t: 2 Studies of kidney donors have generally been of low quality.2 Most studies
have been small, very few have been prospective, and identifying comparable,
contemporaneous controls for donors has been problematic. We reported the immediate,
short-term effects of kidney donation in a multicenter prospective study in which each living
donor enrolled with a comparable healthy control.* We now report the results of the first 36
months of follow-up.

METHODS

Human Subject Protections

Informed consent was obtained from each participant. The study was approved by the
institutional review board at each participating site (University of Minnesota no.
0503M67993).

Study Design

In this prospective observational cohort study, donors and controls were enrolled before
donation. Details of study design and acute changes from pre-donation to 6 months have
previously been described in detail.# Briefly, kidney donors were enrolled after acceptance
for donation, but before donation had taken place. For every donor that was enrolled, a
control also was enrolled at the same site. However, in some cases donors did not actually
donate, and replacements were recruited. The target enrollment was 200 donor and control
pairs, or 400 participants. Only donors who donated and completed at least one post-
donation follow-up visit were analyzed. Controls were required to meet the same donor
eligibility criteria as donors at that site. However, controls did not undergo renal imaging or
any invasive testing. Donors and controls were scheduled to complete a pre-donation visit,
and visits at 6, 12, 24, and 36 months after donation. The laboratory measurements obtained
were those reported in the accompanying tables, and details on methods for measurement
have previously been reported.* We now report visits at 6, 12, 24 and 36 months after
donation. None of the data in this report extend beyond 36 months post-donation.

Data Collected

Participants were evaluated in the Clinical Research Center at each participating site. Blood
pressure (BP) was measured 3 times at 1 minute intervals after subjects were seated and
resting for at least 5 minutes using a standard protocol. At 36 months, 24-hour ambulatory
BP recordings were also obtained using an automated recording device (Spacelabs Inc,
Redmond, WA). Laboratory tests were measured in a central laboratory as previously
described.*
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An iohexol plasma decay method was used to determine measured glomerular filtration rate
(MGFR).* Glomerular filtration rate was also estimated (eGFR) using the CKD-EPI
(Chronic Kidney Disease Epidemiology Collaboration) creatine equation, a 4-variable
formula.® In addition, glomerular filtration rate was estimated with the 4-variable CKD-EPI
cystatin C equation, and by the CKD-EPI creatinine—cystatin C equation.®

Statistical Analysis

RESULTS

The pre-specified primary endpoint was the difference between donors and controls of the
slope of the mGFR between 6 and 36 months after donation. The effect of age on the
difference in slope of mGFR between donors and controls was analyzed with a generalized
linear mixed-effects model. Multiple, secondary endpoints included eGFR, BP, and
laboratory parameters as previously described. Differences between groups and visits were
assessed using analysis of variance with repeated measures (generalized linear mixed-effects
models). This analysis assessed the independent effects of donors versus controls; visits at 6,
12, 24 and 36 months; and the interaction between these two effects. No adjustment was
made for multiple comparisons. Results are expressed as mean + standard deviation unless
otherwise indicated and were considered statistically significant for P < 0.05. Variables that
were not normally distributed were logarithmically transformed for analysis, but results
were expressed as the median and interquartile range (IQR; not logarithmically
transformed). Differences in categorical variables between groups and among visits were
assessed with Chi-Square. All analyses were carried out with SAS 9.2 for the personal
computer (SAS Institute Inc, Cary, NC).

Participant Characteristics

At 36 months, 182 of 203 (89.7%) original study donors and 173 of 201 (86.1%) original
controls had follow-up visits. Age, sex, race/ethnicity, height, weight, body mass index, hip
circumference and waist circumference were not different between donors and controls
(Table S1, available as online supplementary material). The only statistically significant
difference in medication use between donors and controls was that non-steroidal anti-
inflammatory drugs were used less commonly in donors than in controls; 2.5% v. 6.6% (P =
0.05) at 6 months and 3.0% v. 8.3% (P = 0.02) at 12 months, in donors and controls
respectively (Table S2).

Blood Pressure and Heart Rate

Both systolic and diastolic BP increased slightly but significantly over time, but there were
no differences between donors and controls (Table 1 and Table S3). At the 36 month visit,
135 of 182 (74.2%) donors and 126 of 173 (72.8%) controls had 24 hour ambulatory BP
measurements (Table 2). There were no statistically significant differences between donors
and controls in any of the 24 hour ambulatory BP parameters.

Kidney Function

Both mGFR and eGFR declined in controls between 6 and 36 months, while they increased
in donors (Table 3). As a result, there was a statistically significant difference between
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change in kidney function (slopes) between donors and controls (Table 4 and Figure 1). The
effect of donation on rate of change in mGFR did not differ by age (Table 5). Urine total
protein was not different between visits or between donors and controls (Table 3). The urine
albumin-creatinine ratio was lower in donors versus controls, but tended to increase in
donors but not controls (Table 3).

Laboratory Parameters

Hemoglobin concentrations were lower in donors compared to controls, but this difference
appeared to narrow with duration of follow-up (Table 6). Serum albumin concentration, C-
reactive protein (CRP) and fibrinogen concentrations were not different between donors and
controls. Homocysteine, uric acid and serum potassium were each persistently higher in
donors than in controls. Serum phosphorus was lower, while parathyroid hormone (PTH)
was higher and serum calcium was not different in donors compared to controls. Total, low-
density lipoprotein, and high-density lipoprotein cholesterol levels all increased slightly over
time, but were not different in donors and controls. Triglycerides and lipoprotein (a) were
also not different between donors and controls. Hemoglobin A;¢ and homeostasis model
assessment of insulin resistance (HOMA-IR) all increased slightly but significantly during
follow-up, in both groups, but none of the measures of glucose homeostasis were different
between donors and controls.

DISCUSSION

Few prospective studies of living kidney donors have enrolled contemporaneous controls
who are as healthy as donors. In the current study, a control was selected for each donor
based on donation eligibility criteria used by the donor’s transplant program. The fact that
medication use was similar in donors and controls is reassuring that both groups were
equally healthy (Table S2). The lower use of non-steroidal anti-inflammatory drugs
(excluding aspirin) among donors at 6 and 12 months after donation likely reflects
admonitions of caregivers to avoid these agents. Most medication use was lower than that
reported in the general population. For example, an antihypertensive agent was used in only
5.0% pre-donation and in 7.3% at 36 months, while in the general US adult population in
2007-2008, 26.1% (95% confidence interval [CI], 24.5%—27.8%) used an antihypertensive
agent.” Lipid-lowering medications were used by 15.9% (95% CI, 14.6%-17.1%) of US
adults,” whereas they were used in 7.5% of our participants pre-donation and in 12.1% at 36
months. Medication for diabetes was used in 7.1% (95% ClI, 6.3%-8.0%) of US adults, but
in none of the participants in the current study.

A major finding of this study is that the change in mGFR over time (slope) after donation
was significantly different in donors and controls (Table 4). The gradual increase in mGFR
among donors between 6 and 36 months is especially notable. Additional follow-up may
help to determine how long function will continue to increase. If the increase is due to
compensatory hypertrophy, then one might expect the increase would be greater in younger
compared to older donors. However, this was not found to be the case, at least over the 3-
year duration of follow-up post-donation (Table 5). We searched the literature for studies
reporting post-transplantation change in mGFR and could locate only two with mGFR
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measured twice, the second time more than 1 year after donation. Saran, et al., measured
chromium 51-labeled EDTA clearances in 47 donors at 10 and 20 years after donation from
a starting cohort of 75 donors.8 They reported mGFR increased by a mean of 5.97+17.44
(standard deviation) mL/min/1.73m? (P by paired t-test = 0.03) during this 10-year period.
Tent, et al., compared mGFR (125]-iothalamate) and effective renal plasma flow (}311-
hippuran) in 13 hypertensive and 26 normotensive donors at 2 months and 5 years post-
donation from a starting cohort of 47 hypertensive and 94 normotensive donors.® Changes in
mMGFR between 2 months and 5 years were not reported, but mGFR appeared to be similar
between 2 months and 5 years in an accompanying figure.

In contrast to donors, controls exhibited a gradual decline in mGFR (Table 4). This too is
notable because very few studies have examined serial changes in mGFR in normal
individuals. The Baltimore Longitudinal Aging study is often cited as the definitive study
showing that kidney function declines approximately 1 mL/min per year.10: 11 However that
study used men and 24-hour urine creatinine clearances collected prospectively over time.
Thus, the current prospective study of normal men and women with serial measurements of
MGFR using iohexol clearance provides an important confirmation of the decline in kidney
function with age in apparently healthy individuals.

This study also provides an opportunity to compare different equations and markers of
changes in eGFR over time compared to changes in mGFR (Table 4). Most studies
comparing eGFR equations with mGFR have been cross-sectional. The prospective
measurement of GFR will help answer the important question of whether changes in eGFR
over time accurately reflect changes in mGFR.

Another important finding in this study is the lack of difference in BP between donors and
controls for the first 3 years after donation. Previous studies of BP in donors have produced
conflicting results (Table S4). A meta-analysis of observational studies published in 2005
included 48 studies of BP in kidney donors.12 However, few of these studies included
controls. In those that did, 10 years after donation systolic and diastolic BPs were reported to
be, respectively, 6 and 4 mmHg higher in donors than in controls. Garg, et al., using claims
data, reported that the incidence of hypertension was significantly higher in donors than in
controls at a mean of 6.2 years after donation.13 They acknowledged that donors may have
been followed up more closely than controls, which may have led to hypertension being
diagnosed more often. lbrahim et al. retrospectively studied 255 kidney donors matched to
255 controls from the National Health and Nutrition Examination Survey (NHANES).14
They reported that systolic BP was lower in donors compared to controls, while diastolic BP
and the incidence of hypertension were not different between the two groups. Ethnicity may
be an important determinant of the effects of kidney donation on BP, and Doshi, et al.,
reported BP to be higher in African American donors compared to African American
controls.1® Similarly, using claims data from a private insurance database, Lentine, et al.,
reported that African American donors had an increased risk of hypertension compared to
white donors.16

Few studies have reported 24-hour ambulatory BP in kidney donors, and none of these
studies have included two-kidney controls (Table S5). In addition, follow-up after donation
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has been relatively short in most studies. Therefore, it is difficult from these studies to draw
firm conclusions on the effects of donation on BP. Additional follow-up of the current
cohort may be helpful in this regard.

Hyperuricemia has long been suggested to cause CKD,17-21 hypertension,?? diabetes,23, and
cardiovascular disease?*26, However, the reverse is equally plausible, i.e. that hypertension,
diabetes and cardiovascular disease cause hyperuricemia by reducing kidney function. The
current study confirms our earlier observation that a reduction in GFR most likely causesan
increase in serum uric acid,* and shows that this increase persists for at least 36 months after
donation. Rossi, et al., reported that in 42 donors urate increased from a mean of 0.29+0.08
mmol/L pre-donation to 0.34+.0.08 mmol/L at 1 year and 0.34+.0.08 mmol/L at 2 years
post-donation (P<0.001 versus pre-donation at 1 and 2 years).2’

There have been similar anecdotal reports of increased uric acid levels after donation.28 For
example, Undurraga, et al., reported that among 74 kidney donors followed up for a mean of
10.9+4.5 years, uric acid levels >7.5 g/dL occurred in 30%.2° Hida, et al., reported that for
34 donors uric acid increased 24.3% from a mean of 4.78 + 1.26 mg/dL before donation to
5.88 + 1.40 mg/dL 6 months to 5 years after donation. 30 Romero, et al. followed up 8
donors for 6 months after donation and found no increase in uric acid.3!

Previously, we found that between pre-donation and 6 months there was no discernible
effect of donation on serum potassium.* However, with longer follow-up there has been a
small but statistically significant increase in serum potassium in donors compared to
controls (Table 6). There were no changes in sodium, chloride, carbon dioxide, or urine pH
(Table S6). To the best of our knowledge, this is the first report of donation affecting serum
potassium. The increase is likely too small to be relevant clinically. However, the increase
could be problematic if a donor were to be challenged with additional factors that also
increase serum potassium.

Cross-sectional studies suggest that CKD is associated with abnormalities in glucose
homeostasis and insulin resistance.32-37 However, in the present study there was no effect of
donation on fasting glucose, hemoglobin A;¢, insulin concentrations, or the calculated
HOMA-IR. Similarly, there were no differences in lipid concentrations that often
accompany changes in insulin resistance (Table 6).

We previously reported an acute increase in homocysteine concentration after donation,
and the current study shows persistently elevated levels in donors compared to controls at 36
months. Tsai, et al., reported that homocysteine increased in 10 donors from a mean of
8.2+1.3 pmol/L pre-donation to 12.1+4.4, 11.5+2.6, and 10.3+2.2 pmol/L at 2 days, 6
weeks, and 6 months, respectively (all P<0.05 v. pre-donation).38 There is no evidence that
increased homocysteine has any adverse consequences, and randomized trials have
consistently not shown that reducing homocysteine improves patient outcomes.39 40

We found no difference between donors and controls in CRP (Table 6). Others have
reported that inflammatory markers are elevated acutely after kidney donation. For example,
Tsai, et al., reported that CRP was increased at 2 days after surgery but had returned to pre-
donation levels by 6 weeks post-donation. 38 However, in contrast, Rossi, et al., reported
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that in 42 donors CRP increased from a median of 1.2 (IQR, 0.9-2.7) mg/dL pre-donation to
2.0 (IQR, 0.9-3.7) mg/dL and 2.1 (IQR, 1.5-3.3) mg/dL at 1 and 2 years post-donation,
respectively (P=0.005 versus pre-donation at 1 and 2 years).2’

Previous studies have suggested that kidney donors have mild proteinuria.® With 36 months
of follow-up, donors in our study have similar urine total protein excretion as controls. Urine
albumin is actually lower in donors of our study compared to controls, but is increasing
between 6 and 36 months, suggesting that longer follow-up is needed to determine whether
kidney donation ultimately leads to increased urine albumin. Potential markers of
inflammation, including serum albumin concentration, CRP and fibrinogen continue to be
similar in donors and controls (Table 6). Hemoglobin is lower in donors, but the gap appears
to be narrowing with duration of follow-up.

We previously reported that serum PTH concentration was increased, phosphorous was
reduced and calcium unchanged after donation.# The present study results confirm these
findings and demonstrate that these differences persist 3 years after donation (Table 6). We
previously discussed these changes in light of other published studies at that time,*1-46 but
since then Young and co-workers have reported on 198 living kidney donors and 98 non-
donor controls assessed at a median of 5.3 years post-donation.4” They found that serum
fibroblast growth factor 23 levels were significantly higher in donors compared to controls.
Compared to controls, donors also had higher PTH, higher renal tubular fractional excretion
of inorganic phosphate, lower serum phosphate, and lower serum calcitriol concentrations.
Additional controlled studies of donors may help to elucidate the pathogenesis of these
changes in donors as well as in CKD.

Limitations of the present study include the fact that controls could not be screened as
rigorously as donors for underlying kidney abnormalities, and it is possible that donors were
healthier than controls. However, as previously noted,* more donors (31%) than controls
(15%) were blood-relatives of individuals with CKD. Follow-up is still relatively short, and
it is possible that effects of donation may take much longer than 3 years to become manifest.
For the analysis and interpretation of the many secondary endpoints, we did not undertake a
statistical adjustment for multiple comparisons. This increases the possibility that some of
the differences reported could be due to chance. Balanced against this is the prior probability
from other studies reporting similar findings. In the end, given that an important objective of
this study is to ensure donor safety, we opted not to adjust P-values for multiple
comparisons. It should be noted that 95% of participants in our study are white (Table S1),
and the effects of donation may be quite different in other populations. Clearly, additional
studies in higher risk populations are needed, as is longer follow-up. Finally, this study was
not designed to have statistical power to examine outcomes of importance to donors, such as
mortality and end-stage renal disease.

In summary, this study continues to provide important information about the
pathophysiologic changes accompanying a reduction in kidney mass in apparently healthy
individuals. The results confirm that the reduction in kidney function from donation leads to
biochemical changes that may or may not ultimately have consequences important to
donors. Prospective, controlled studies of living kidney donors also afford a unique
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opportunity to better understand the consequences of reduced kidney function in patients
with CKD. For all of these reasons, the current study results suggest that additional
prospective cohort studies should be undertaken. These studies should include adequate
numbers of donors who may have isolated medical abnormalities or other plausible risk
factors for adverse outcomes after kidney donation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Measured glomerular filtration rate (GFR) in controls (solid line) and donors (dashed line)

before and 6, 12, 24, and 36 months after donation. Values are means and interquartile
ranges.
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Twenty-four hour ambulatory blood pressure results at 36 months.

Table 2

AHigh diastolic BP (%)

Parameter Donors (n=135) | Controls (n=126) | p.yalyel
Duration of recording (h) 24.4+11.5 25.149.9 0.6
No. of measurements 43.8+15.4 45.4+16.6 0.4
Systolic BP (mm Hg) 120.7+9.7 120.0+11.2 0.6
Diastolic BP(mm Hg) 74.5+6.5 73.4+7.0 0.2
MAP (mm Hg) 89.9+6.8 88.7+7.3 0.2
Pulse pressure (mm Hg) 46.3+7.3 46.7+8.6 0.7
Heart rate (bpm) 73.5+9.1 71.6+8.8 0.09
Systolic BP dip (%) 9.245.4 8.446.3 0.3
Diastolic BP dip (%) 13.747.3 13.247.4 0.6
MAP dip (%) 11.3%6.1 11.246.6 0.9
CHigh systolic BP (%) 18.8+21.9 19.8+24.2 038
22.2+19.4 16.8+19.2 0.07

Note: Values are given as mean +standard deviation.

BP, blood pressure; MAP, mean arterial pressure

bT-test.

C>135 mm Hg day time or > 120 mm Hg night time.

d>85 mm Hg day time or >80 mm Hg night time.
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Changes in kidney function over time.

Table 4

Measurement Follow-up | Group Rate of Change in P
Duration Kidney Function
(mo)
MGFR (mL/min per y) 12-36 Controls | -0.36+7.55 (194) 0.005
Donors 1.47+5.02 (198)
36 Controls -0.1945.31 (172) 0.002
Donors 1.30+3.49 (181)
MGFR (ML/min/1.73 m? per y) 12-36 Controls | -0.44+7.35(194) | 0.01
Donors 1.09+4.28 (198)
36 Controls -0.39+4.81 (172) 0.004
Donors 0.84+3.09 (181)
eGFR, (ML/min/1.73 m? per y) 12-36 Controls | -1.04+6.16 (196) | <0.001
Donors 1.82+4.92 (200)
36 Controls -0.46+3.68 (173) <0.001
Donors 1.60+3.75 (182)
eGFRgys (ML/MIn/1.73 m? per y) 12-36 Controls | —0.33+7.36 (196) | 0.003
Donors 1.82+6.76 (200)
36 Controls 0.16+4.68 (173) 0.04
Donors 1.21+5.06 (182)
€GFRy.cys (ML/MIN/1.73 m? per y) 12-36 Controls | —0.73+6.38 (196) | <0.001
Donors 1.89+4.58 (200)
36 Controls -0.07+3.85 (173) <0.001
Donors 1.49+3.81 (182)

Page 17

Note: Unless otherwise indicated, changes in kidney function over time (“slopes”).are given as mean + standard deviation (number sampled).
Shown are slopes with and without dropping cases that did not have a 36 month visit.

Abbreviations and definitions: CysC, cystatin C; eGFRcy, estimated glomerular filtration rate calculated by Chronic Kidney Disease Epidemiology

Collaboration creatinine equation; eGFRcr-cys, estimated glomerular filtration rate calculated by Chronic Kidney Disease Epidemiology

Collaboration creatinine-cystatin C equation; eGFRcys, estimated glomerular filtration rate calculated by Chronic Kidney Disease Epidemiology

Collaboration cystatin C equation; mGFR, glomerular filtration rate measured by iohexol plasma clearance.

a‘l’-test.
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