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Effect of Time on Dialysis and Renal Transplantation on
Endothelial Function: A Longitudinal Analysis
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Background. Soluble vascular cell adhesion molecule-1 (sVCAM-1) is a marker of endothelial injury and a potent
predictor of cardiovascular mortality in patients with kidney failure on dialysis. The longitudinal effects of dialysis on
endothelial dysfunction and in particular the effects of renal transplantation on markers of endothelial function in-
cluding sVCAM-1 have not been well characterized.

Methods. We used the Transplant Manitoba registry and biobank to assemble a retrospective cohort of all patients
receiving a first kidney transplant between January 1, 2000, and December 31, 2005 (n=186). One hundred seventy-four
patients had at least two serum samples pretransplant and at least two samples posttransplant. In total, 1,004 serial
samples (median 5/patient) were analyzed. Factors associated with sVCAM-1 were examined using mixed linear models.
Results. The sVCAM-1 levels increased progressively on dialysis (0.15 [0.10 to 0.20] ng/mL/day; P<0.0001), fell
significantly within 1 month after transplantation (—625 ng/mL/day; P<0.0001) and continued to fall thereafter
(—0.23 [—0.34 to —0.12] ng/mL/day). Smoking and heart failure were associated with higher sVCAM-1 levels,
whereas transplantation was associated with lower sVCAM-1 levels. The relationship between sVCAM-1 and trans-
plantation was not changed by multivariate adjustment.

Conclusion. Endothelial injury worsens over time on dialysis but improves significantly after renal transplantation.
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Rates of cardiovascular events are 10 to 100 times higher
in patients with end-stage renal disease (ESRD) than in
the general population (1-3). Although traditional cardio-
vascular risk factors are prevalent in ESRD, they do not
completely account for the elevated risk (4-7), suggesting
that other mechanisms may be important. These mecha-
nisms may include volume overload, diastolic dysfunction,
vascular calcification, inflammation, oxidative stress, and
endothelial dysfunction (8, 9). Of these, endothelial dys-
function represents an intriguing mechanism for explain-
ing the excess cardiovascular risk in patients with ESRD
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because the endothelium is believed to play a central role in
vascular homeostasis (9, 10).

Expression of adhesion molecules on the surface of
activated endothelial cells is believed to be a critical step in
the development of atherosclerosis, mediating recruitment
of inflammatory cells into the vascular wall (11). In experi-
mental atherosclerosis, for example, endothelial cells express
vascular cell adhesion molecule-1 (VCAM-1) before mono-
cytes or macrophages appear in the subendothelium. After
activation, cell adhesion molecules are shed in soluble form
from endothelial cells and can be measured in plasma. Solu-
ble VCAM-1 (sVCAM-1) levels seem to correlate well with
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membrane bound VCAM-1 and VCAM messenger RNA ex-
pression; sSVCAM-1 is thus considered a marker of endothe-
lial activation (12, 13). Several cross-sectional analyses have
shown that levels of sSVCAM-1 are much higher in ESRD
patients in comparison to the general population (14-19).
These studies, however, do not provide information about
the longitudinal evolution of endothelial injury in patients
on dialysis and after transplantation.

The objective of this study was to test whether endo-
thelial injury, as measured by serial sVCAM-1 measure-
ments, worsens with time on dialysis and improves after
transplantation. Furthermore, we set out to identify patient
and dialysis characteristics associated with changes in en-
dothelial injury over time.

RESULTS
All patients who received a first kidney transplant in
Manitoba between January 1, 2000, and December 31, 2005
(n=186) were eligible for inclusion. Of the 186 transplanted
patients, 12 were excluded: 10 patients were preemptive
transplant recipients without exposure to dialysis and two
declined consent. One hundred and seventy-four recipients

All patients who received a first kidney transplant
in Manitoba between January 1, 2000 and
December 31, 2005

(n=186)
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(174) had at least two samples obtained in both dialysis and
posttransplant periods; thus each patient had a minimum of
four total measures of sVCAM-1 (Fig. 1).

Characteristics of the study population at time of
transplant wait listing and at time of transplant are pre-
sented in Table 1. Most patients were male (67%) and white.
The median wait time for kidney transplantation was ap-
proximately 3 years from the time of transplant wait list-
ing. Glomerulonephritis and diabetic nephropathy were the
most common causes of ESRD. Twenty-seven percent were
diabetic patients and 12% had congestive heart failure
(CHF) at the time of transplant wait listing. The percentage
of smokers decreased from 36% to 15% from time of dial-
ysis wait listing to transplantation.

Evolution of sVCAM-1 Over Time and
Impact of Transplantation

To correctly account for the unequal number of
sVCAM-1 observations in each patient (see methods™ for
explanation), the changes in sVCAM-1 over time and the
impact of transplantation were analyzed using a mixed linear
model (Table 2, Fig. 2). The model fitted is sVCAM-1=b0+

Exclude pre-emptive transplant patients

Patients with minimum of four total measures of
VCAM (two prior to and two after transplant).

(n=176)

(n=10)

Exclude patients who declined consent

Study Population

(n=174)

FIGURE 1. Derivation of study cohort.

(n=2)
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TABLE 1. Patient characteristics at time of transplant
wait-listing and at transplant
Time of
Characteristic wait-listing  Time of transplant
Age, yr 42 +12 45+ 12
Male sex, % 67 67
Race,%
White 73 73
Aboriginal 12 12
Other 16 16
Smoking (%) 36 15
Comorbid conditions, %
Hypertension 93 90
Diabetis mellitus 27 26
Dyslipidemia 27 35
Coronary artery disease 6
Peripheral vascular disease 1 5
Cerebrovascular disease 4 8
Congestive heart failure 12 14
Dialysis modality, %
Peritoneal dialysis 38% 39%
Hemodialysis 62% 61
Medications, %
Acetylsalicylic acid 13 22
Plavix 1 2
Coumadin 1
Diuretic 36 8
Nitrates 3
Statin 18 24
Digoxin 0 1
Fibrates 1 2
ACEI 22 36
ARB 6 11
Beta-blockers 30 44
ACEI/ARB 26 46
ACEI/ARB/Beta-blockers 48 69
CCB non-DH 11 10
CCB DH 62 52
Alpha blockers 19 23
Heparin 36 62
Other blood pressure 4 12
medicines
Other antiplatelets 1 1

Values are meantstandard deviation or %.

ACE]I, angiotensin converting enzyme inhibitor; ARB, angiotensin re-
ceptor blocker; CCB DH/non-DH, calcium channel blocker dihydropyridine/
non-dihydropyridine.

b1xTime+b2 x Transplant+b3 x (Transplant x time), ~ where
b0 is the intercept (i.e., expected VCAM value at Time=0, just
before transplantation), Time is the number of days before
or after transplantation, “’Transplant is an indicator variable
for transplantation status (O=pretransplant; 1=posttransplant),
and the interaction term (Transplant x Time) describes whether
the rate of change in VCAM is different in the pretransplant
versus posttransplant periods. Importantly, the interaction
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coefficient b3 is highly statistically significant, indicating that
the pretransplant and posttransplant rates of change of VCAM
are indeed truly different.

Before transplantation (where “Transplant =0, and
all terms containing “”Transplant become identically=0),
the model simplifies to sVCAM-1= b0 + bl xTime, where
the intercept b0=1,867 ng/mL describes the sVCAM-1 level
just before transplantation and b1=0.16 ng/mL per day de-
scribes the rate of change per day in sVCAM-1 before
transplant. Because the slope bl is greater than 0, we con-
clude that the average sVCAM-1 levels rise over time in the
pretransplant period.

After transplantation, “Transplant=1. Substituting
and regrouping, the model becomes sVCAM-1= (b0+b2)+
(b1+b3) xTime, which now describes the posttransplant
changes in sVCAM-1 over time. The intercept (b0+b2)=
1,867+(—619)=1,248 ng/mL reflects the average sVCAM-1
level just after transplant. Note that this level has dropped
(by 619 ng/mL) relative the pretransplant level. The slope
(b14b3)=0.16+(—0.38)=—0.22 ng/mL per day describes the
average rate of change in sVCAM-1 over time after trans-
plantation. Note that because (b1+b3)<0, sVCAM-1 de-
creases over time after transplantation, in contrast to the
pretransplant period.

€01

Adjustment for Additional Factors Associated
With Changes in sVCAM-1 Levels

Additional univariable factors associated with changes
in sVCAM-1 levels were determined using a mixed linear
model and are presented in Table 3. Each of the univari-
able coefficients in Table 3 reflects the difference in mean
sVCAM-1 level between the states of a categorical value. For
example, the positive coefficient for Smoker in Table 2 in-
dicates that mean sVCAM-1 levels were 137 ng/mL higher
in smokers than in nonsmokers. Smoking status, hyperten-
sion, pretransplant heart failure, and diuretic use (a proba-
ble surrogate for hypertension and heart failure) were all
associated with higher sVCAM-1 levels (positive coeffi-
cients) at the P less than 0.1 level. Conversely, angiotensin-
converting enzyme inhibitor (ACEI) or angiotensin receptor
blocker (ARB) use and prior heparin exposure were all asso-
ciated with a lower sVCAM-1 level (negative coefficients).

We then tested the hypothesis that the impact of these
additional factors might alter the relationship between
sVCAM-1 and transplantation by (1) adding as covariates
all the variables identified as significant at the P less than
0.1 level in Table 3 to the mixed linear model described in
Table 2; and (2) examining all first order interactions be-
tween each of these additional variables and time (slope
effects), as well as each of these variables and Transplant
status (intercept effects) (see “”Methods). We then simpli-
fied the model by eliminating terms with nonsignificant
coefficients. Only pretransplant heart failure, smoking sta-
tus, Transplant status, Time and TimexTransplant were
retained in the final model shown in Table 4, which thus
takes the form sVCAM-1=b0+b1x CHF+b2x Smoker+b3x
Time+b4 x Transplant+b5 X (Transplant x time). The variables
b0, Time, Transplant and (TransplantxTime) are as previ-
ously defined, CHF is an indicator variable for presence (1) or
absence (0) of congestive heart failure, and Smoker is the is the
indicator variable for presence (1) or absence (0) of current
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TABLE 2. Mixed-linear model describing the impact of time and transplantation on sVCAM-1 levels

Variable” B coefficients 95% CI P-value
Intercept 1,867 1,742 to 1,992 <0.001
Time, days 0.16 0.11 to 0.20 <0.001
Transplant (posttransplant=1, pretransplant=0) —619 =679 to —559 <0.001
Time x Transplant interaction —0.38 —0.44 to —0.31 <0.001

Slopes
Pretransplantb 0.16 0.11 to 0.20 <0.001
Posttransplant® —0.22 —0.32 to —0.11 <0.001

“ The model being fitted is sSVCAM-1=b0+b1 x Time+b2 x Transplant+b3 x (Transplant x time), where b0 is the intercept (i.e., expected sVCAM-1 value at
Time=0, just before transplantation), Time is the number of days before or after transplantation, Transplant is an indicator variable for transplantation status
(O=pretransplant; 1=posttransplant), and the interaction term (TransplantxTime) describes whether the rate of change in sVCAM-1 is different in the
pretransplant vs. posttransplant periods. Because the interaction coefficient b3 is highly statistically significant, the pretransplant and posttransplant rates of
change of sVCAM-1 are indeed truly different.

¥ Before transplantation, where Transplant =0, (and thus all terms containing Transplant become identically=0), the model simplifies to sVCAM-1=b0+b1x
Time where the intercept b0=1,867 describes the sVCAM-1 level just before transplantation and b1=0.16 describes the rate of change per day in sVCAM-1 before
transplant. Note that because the slope bl is greater than 0, we conclude that on average sVCAM-1 levels are rising over time in the pretransplant period.

¢ After transplantation, Transplant =1. Substituting and regrouping coefficients, we then have sVCAM-1=(b0+b2)+(b1+b3) x Time, which now describes the
posttransplant changes in sVCAM-1 over time. The intercept (b0+b2)=1,867+(—619)=1,248 reflects the average sVCAM level just after transplant. Note that
this level has dropped (by 619) relative the pretransplant level. The slope (b1+b3)=0.16+(—0.38)=—0.22 describes the average rate of change in sVCAM-1 over
time after transplantation. Note that because (b1+b3)<0, sVCAM-1 is now decreasing over time after transplantation, in contrast to the pretransplant period.

smoking. As expected, heart failure and smoking were as-
sociated with higher average sVCAM-1 levels (+229 and +
106 ng/mL, respectively). Because the interaction terms
Smoker x Transplant and CHF xTransplant were not sta-
tistically significant (and thus excluded from Table 4), we
conclude that the increases associated with CHF and
smoking were similar before and after transplantation.
Furthermore, because the SmokerxTime and CHF x Time
interaction terms were not significant, neither smoking nor
CHEF status seemed to influence the slope of sVCAM-1 over
time. Of note, the coefficients for Transplant, Time, and
TimexTransplant were nearly identical to those of the
unadjusted model (Table 2), further suggesting that the
impact of transplant on sVCAM-1 changes was indepen-
dent of the other variables.

The changes in sVCAM-1 over time described in
the tables can be summarized graphically (Fig. 2; Figure S1,
SDC, http://links.lww.com/TP/A980). As noted, sVCAM-1
rose progressively during the pretransplant period at an
average rate of +0.15 ng/mL per day. One month after trans-
plantation, sVCAM-1 dropped on average 625 ng/mL and then
continued to decline at a rate of —0.23 ng/mL per day subse-
quently. It is important to note that these changes before and
after transplantation are occurring in each individual (i.e.,
these reflect average within individual changes) (Figure S1,
SDG, http://links.Iww.com/TP/A980).

DISCUSSION

In this longitudinal study of patients on dialysis
waitlisted for kidney transplantation, we found that sVCAM-1
levels rose progressively with time on dialysis but then
dropped significantly 1-month post—kidney transplantation
and continued to decline out to 24 months. These findings are
novel and illustrate progression of endothelial injury in pa-
tients with ESRD and amelioration after renal transplantation.

Our longitudinal observations strengthen the evi-
dence from earlier cross-sectional studies (14, 16, 18, 19). In
aggregate, these earlier studies suggested that sVGCAM-1 level
increased as kidney failure worsened and decreased after
transplantation. For example, Vaccaro et al. (18) compared
sVCAM-1-1 levels in 32 patients with predialysis chronic
kidney disease (CKD), 30 on maintenance hemodialysis, 36
after kidney transplantation, and 28 “normal” controls, and
found that sVCAM-1 increased progressively from controls to
kidney transplant, to predialysis CKD, with the highest
sVCAM-1-1 in hemodialysis patients. However, because these
studies were cross-sectional and did not measure changes in
sVCAM-1 in the same patient at different time points, tem-
poral changes in sSVCAM-1 are only inferred. For example, in
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FIGURE 2. VCAM-1 levels over time on dialysis and after

kidney transplantation. Time of transplant is designated as
time zero. VCAM-1, vascular cell adhesion molecule-1.
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TABLE 3. TFactors associated with change in sVCAM-1 levels in patients undergoing kidney transplant on
univariate analysis
Effect Point estimate 95% CI P-value
Age —0.2 —4.3 to 3.8 0.9
Sex (male) 45 —62 to 153 0.4
Race
white 66 —75 to 208 0.4
Aboriginal 15 —183 to 212 0.9
Smoker 137 31 to 243 0.01
Comorbid Conditions
Diabetes 40 —73 to 153 0.5
Hypertension 123 —22 to 268 0.1
High Cholesterol —25 —123 to 73 0.6
Coronary Artery Disease 105 —71 to 280 0.2
Peripheral Vascular Disease —48 —274 to 179 0.7
Cardiovascular Disease —20 —204 to 163 0.8
Congestive Heart Failure 134 —10 to 278 0.07
Peritoneal Dialysis 40 —63 to 144 0.4
Medications
Acetylsalicylic acid 65 —48 to 179 0.3
Plavix —171 —529 to 186 0.3
Coumadin 17 —175 to 209 0.9
Diuretic 217 113 to 321 <0.001
Nitrates —24 —241 to 192 0.8
Statin —6.5 —119 to 106 0.9
Digoxin —133 —589 to 322 0.6
Fibrates 66 —329 to 461 0.7
ACEI —94 —187 to —1.8 0.05
ARB —11 —170 to 148 0.9
Beta Blockers -39 —129 to 52 0.4
ACEI / ARB —107 —196 to —18 0.02
ACEI / ARB / B””-Blockers =72 —161 to 16 0.1
CCB non-DH 112 —36 to 259 0.1
CCB DH 59 —28 to 147 0.2
Alpha Blockers -17 —125 to 91 0.8
Heparin —143 —226 to —59 0.001
Other Blood Pressure Meds —52 —207 to 103 0.5
Other Anti-platelets 34 —355 to 423 0.9

Composite major cardiac event refers to first occurrence of unstable angina, percutaneous transluminal coronary angiography or stent, STEMI, NSTEMI,

thrombolytics, or coronary artery bypass graft.

Composite venous thromboembolic event refers to first occurrence of pulmonary embolism or deep vein thrombosis.
ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB DH/ non-DH, calcium channel blocker dihydropyridine/

non-dihydropyridine.

the study by Vaccaro et al., the results could potentially have
been confounded by differences other than disease stage or
transplant status between the patient groups sampled. Our
study is unique in having repeated measures of sVCAM-1
in the same patients over time and over the transition to
transplantation. Thus, it does not suffer the design limitation
of cross-sectional studies and provides direct verification that
sVCAM-1 increases over time on dialysis and the drops after
kidney transplantation.

The changes in sVCAM-1 in our study are consistent
with the known epidemiology of cardiovascular disease in
ESRD. It has been shown that cumulative exposure to

dialysis is an independent risk factor for cardiovascular
events both during dialysis and after renal transplantation (5,
6, 20-24). Conversely, restoration of renal function with re-
nal transplantation decreases CVD event rate (3, 5, 25). In-
deed, preemptive transplantation, in which dialysis exposure
is avoided altogether, is associated with superior cardiovascu-
lar outcomes (24, 26-28). Importantly, others have observed an
association between sVCAM-1 levels and clinical events (29,
30). This observation strengthens the inference of a potential
causal link between sVCAM-1 and outcomes in CKD. Taken
together, the congruence between the sVCAM-1 changes
reported in our study and well-established epidemiological

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 4. Multivariate mixed linear model analysis” (adjusting for all covariates and rate interactions with P value <0.1)
Variable 1 B coefficients 95% CI P
Interceptb 1,809 1,671 to 1,947 <0.0001
CHF 229 81 to 376 0.002
Smoker 106 8 to 205 0.04
Transplant (posttransplant = 1, pretransplant = 0) —625 —691 to —559 <0.0001
Time 0.15 0.10 to 0.20 <0.0001
Time*Transplant —0.38 —0.54 to —0.22 <0.0001
Slopes
PreTransplantb 0.15 0.10 to 0.20 <0.0001
PostTransplant® —0.23 —0.34 to —0.12 <0.0001

“ The final model fitted is sVCAM-1=b0+b1* CHF+b2* Smoker+b3* Time+b4* Transplant+b5* (Transplant*time), where b0 is the intercept (i.e. expected
sVCAM-1 value at Time=0, just before transplantation), Time is the number of days before or after transplant, Transplant is an indicator variable for trans-
plantation status (O=pretransplant; 1=post transplant), CHF is the indicator variable for presence (1) or absence (0) of congestive heart failure, Smoker is the is
the indicator variable for presence (1) or absence (0) of current smoking, and the interaction term (Transplant*Time) describes whether the rate of change
in sVCAM-1 is different in the pretransplant vs. posttransplant periods. Because” the interaction coefficient b5 is highly statistically significant, we can conclude
that the pretransplant and posttransplant rates of change of sVCAM-1 are indeed truly different. Note that we have not included interaction terms for Smoker *
Time or CHF * Time in the final model because, unlike (Transplant* Time), these interaction terms were not statistically significant (i.e. their B-co-
efficients were not statistically different from 0), and there inclusion did not improve estimation of sVCAM-1. See text for further details.

Y Before transplantation, where Transplant =0, (and thus all terms containing Transplant become identically=0), the model simplifies to sVCAM-1=b0+
bI* CHF+b2 * Smoker+b3* Time where the intercept b0=1,867 describes the sVCAM-1 level just before transplantation in patients without CHF (CHF=0) and
who do not smoke (Smoker=0). For patients who have CHF (CHF=1) or smoke (Smoker=1), the pretransplant sVCAM-1 level would increase by b1=229 and
b2=106, respectively. The Time coefficient b3=0.16 describes the rate of change per day in sVCAM-1 before transplant. Note that the slope b3 > 0, indicating
that on average sVCAM-1 levels are rising over time in the pretransplant period.

¢ After transplantation, Transplant =1. Substituting and regrouping coefficients, we then have sVCAM-1=(b0+b4)+bI1* CHF+b2 * Smoker+(b3+b5)* Time,
which now describes the posttransplant changes in sVCAM-1 over time. The intercept (b0+b4)=1,809+(—625)=1,184 reflects the average sVCAM-1 level just
after transplant in patients without CHF and who do not smoke. Note that this level has dropped (by 625) relative the pretransplant level. For patients who
have CHF (CHF=1) or smoke (Smoker=1), the posttransplant sVCAM-1 level would increase by bi=229 and b2=106, respectively, as was the case
pretransplant. The slope (i.e., coefficient of Time) is now (b3+b5)=0.15+(—0.38)=—0.23, and describes the average rate of change in sVCAM-1 after

transplantation. Note that because (b3+b5)<0, sVCAM-1 is now decreasing over time, in contrast to the pretransplant period.

trends in clinical outcomes observed by others suggests that
endothelial injury may be a major driver in the evolution of
cardiovascular disease in ESRD.

In our analysis of factors associated with sVCAM-1
levels, we found that smoking status, diuretic use, and CHF
were significantly associated with higher sVCAM-1 levels,
findings consistent with cross-sectional studies in non-ESRD
cohorts (31, 32). However, other comorbid conditions, in-
cluding diabetes, hypertension, and dyslipidemia were not
associated with sVCAM-1, again consistent with cross-
sectional data in other renal populations (14, 16) but in con-
trast to observations in nonrenal cohorts (31, 32). Somewhat
unexpectedly, medication use was not strongly associated
with sVCAM-1; although use of ACEIs or ARB demon-
strated a univariate association with lower sVCAM-1 level,
this association disappeared after adjustment for other fac-
tors. These findings are consistent with other cross-sectional
analyses however (8, 33). Importantly, because we modeled
hypertension, diabetes, dyslipidemia, and medications in a time-
dependent fashion, we conclude that changes in sVCAM-1
were not attributable to time-dependent changes in these
variables.

We cannot easily identify the proximate causes of the
longitudinal changes in sVCAM-1 in the present study. In
theory, the observed changes could result from altered pro-
duction or altered elimination. Although the mechanisms
of elimination of adhesion molecules are not well under-
stood, it is unlikely that alterations in renal filtration (i.e.,
gradual loss of residual renal function over time during
dialysis followed by restoration of GFR after transplant)

are responsible because sVCAM-1 is too “”a large molecule
(110 kDa) to be readily filtered by the kidney. More likely,
the changes reflect worsening endothelial function over time
on dialysis followed by amelioration after transplantation.
It is known that loss of functioning renal mass results in
retention of nitrogenous compounds normally eliminated
by the kidney. In vitro studies have demonstrated that ex-
posure of cultured endothelial cells to uremic serum results
in increased expression of VCAM (33, 34). Furthermore,
investigators found that there was a significant increase
in sVCAM-1 in both serum and aortic smooth muscle
after induction of uremia in mice. Although most retained
uremic compounds remain uncharacterized, some, such as
asymmetric dimethyl arginine and homocysteine, are known to
impair or injure endothelium (35-37). In addition, retained
nitrogenous compounds, such as urea, have been shown to
promote carbamylation of low-density lipoprotein, which may
promote atherosclerosis and stimulate macrophage cytokine
production and myeloperoxidase activity, contributing to
both inflammation and oxidative stress (38, 39). Higher
molecular weight toxins may also play a role. Studies have
suggested that in renal failure, retention of oxidatively dam-
aged proteins leads to scavenger receptor mediated activation
of macrophages and other antigen-presenting cells (40).
Chronic macrophage activation may then lead by means of
multiple pathways to systemic inflammation and oxidative
stress, both of which may contribute directly to endothelial
activation. After a successful kidney transplantation, clear-
ance of retained toxins would be expected to reverse the
proinflammatory and prooxidative milieu, potentially leading
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to improvement in endothelial function. Although this
schema is conceptually attractive, large gaps remain in our
understanding of the specific mechanisms involved.

Our observations, in the context of the conceptual
framework proposed above, have implications for future
research. Study of the temporal relationship between ure-
mic toxins, inflammation, oxidative stress, and endothelial
markers during dialysis and after transplantation may help
elucidate the primary causes of endothelial dysfunction in
ESRD. Moreover, studies are needed to evaluate the rela-
tionship between sVCAM-1 and physiologic measures of
endothelial function, such as brachial artery reactivity or
peripheral arterial tonometry. Validation of sVCAM-1 and
noninvasive testing of vascular reactivity as prognostic
markers for clinical events may in the future allow for early
detection of endothelial activation and cardiovascular dis-
ease in patients with kidney disease.

The main strengths of our study were a well-characterized
cohort of wait-listed patients, and a longitudinal, rather than
cross-sectional, design with repeated measures of sVCAM-1 be-
fore and after transplantation, permitting analysis of within pa-
tient changes in sVCAM-1. The results of our study support
existing literature on the role of sVCAM-1 as an indicator of
endothelial activation and provide novel insight into the tem-
poral evolution of sVCAM-1 as patients transition from dialysis
to transplantation.

Our study also has limitations. We studied only
waitlisted patients who ultimately received a transplant,
and caution should be taken in applying our results to
non-wait-listed patients. We could not obtain physiological
measures of endothelial function (e.g., brachial artery dila-
tation) to complement our sVCAM-1 measurements. Fi-
nally, as our study was not powered for analysis of clinical
events (e.g., cardiovascular events, death), we could not ex-
plore an association between sVCAM-1 and posttransplant
outcomes in the study cohort.

In conclusion, endothelial injury increases over time
on dialysis but improves after restoration of renal function
by renal transplantation. These changes provide an attrac-
tive biological explanation for the accelerated cardiovascu-
lar disease experienced by dialysis patients as well as the
improved cardiovascular risk observed after transplanta-
tion. Future research should focus on discovering which
uremic toxins are primarily responsible for altered endo-
thelial function, as this could uncover new targets for
therapy, identify novel prognostic markers, and contribute
to a greater biological understanding of vascular disease
in ESRD.

[333)

MATERIALS AND METHODS

The study protocol was approved by the institutional review boards of
the University of Manitoba and the Health Sciences Centre, Winnipeg,
Manitoba, Canada.

Study Design

In this observational cohort study, we studied prospectively collected
frozen serum samples of dialysis patients wait listed for kidney transplan-
tation in Manitoba, Canada. Biobanking of frozen serum samples has been
performed systematically per protocol on all wait listed dialysis and renal
transplant patients in Manitoba since 1999. All patients were approached
by the study nurse to provide informed consent for use of the samples for
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the study, with the exception of patients who had died; in these cases, a
waiver of consent was granted by the institutional review boards.

Patient Selection

Figure 1 outlines the derivation of the study cohort. All patients who
received a first kidney transplant in Manitoba between January 1, 2000, and
December 31, 2005 (n=186) were eligible for inclusion. Of the one hundred
and eighty six (186) transplanted patients, 10 patients were preemptive
transplant recipients and two declined consent. One hundred and seventy-
four recipients (174) had at least two samples obtained in both pretransplant
and posttransplant periods; thus each patient had a minimum of four total
measures of sSVCAM-1.

sVCAM-1 Measurement

All serum samples were drawn immediately predialysis in hemodialysis
patients or at an outpatient clinic visit in peritoneal dialysis and trans-
planted patients. Samples were centrifuged and aliquoted immediately into
cryovials for storage at —70°C. Biomarkers were measured from thawed
sera using commercially available enzyme-linked immunosorbent assay kits
(R&D Systems, Minneapolis, MN). All measurements were in duplicate.

Clinical Data

A research nurse reviewed all inpatient and outpatient records and ab-
stracted the data elements of interest. Comorbidities were adjudicated by
one of us (J.B.) according to a priori definitions. All reviewers were blinded
to sVCAM-1 levels.

Baseline variables abstracted at time of wait-listing included demographic
data (age, sex, ethnicity, renal disease), known comorbid conditions (history
of cardiovascular disease, history of other major organ system disease, diabe-
tes), known cardiovascular risk factors (e.g., hypertension, cholesterol level,
smoking status), and additional potential confounders (e.g., medications
antiplatelet agents, anti-hypertensives, ACEI or ARB, and immunosuppressive
medications). Follow-up values within 6+3 months of the date of each serum
sample were abstracted for all variables which could change over time
(e.g., hypertension, medications). Medication doses were not recorded, only
whether the patient was on the medication or not was abstracted.

Statistical Analysis

Continuous variables are summarized as mean (standard deviation) or
median (interquartile range) depending on distribution; categorical vari-
ables are expressed as percentages.

Mixed linear modeling was used to examine changes in sSVCAM-1 as a
function of time and transplantation. Mixed linear modeling was chosen
over general linear modeling or repeated measures analysis of variance be-
cause it does not require observations to be independent or have constant
variance, it does not require all subjects to have the same number of ob-
servations, and it is fairly robust to departures from normality in the de-
pendent variable (sVCAM-1) (4I). Time was modeled explicitly as a
random factor, with the origin of the time scale (i.e., time =0) set as the date
of transplantation. This choice of origin has no influence on the relation-
ships between the independent variables and cVCAM-1; however, it does
mean that measures or events occurring before transplantation showed
negative times on this scale, and all measures or events occurring after
transplantation showed positive times. Transplantation was modeled as a
state transition variable taking the value=0 for all time points before
transplantation and value=1 for all time points after transplantation. Other
time-varying exposures including hypertensive status, dialysis modality,
and medications, were modeled as time-dependent variables. Age, gender,
and baseline comorbid conditions were treated as fixed factors.

The base model fitted took the form sVCAM-1= b0+b1xTime+b2x
Transplant+b3 X (Transplantx time), where b0 is the intercept (i.e., expected
sVCAM-1 value at Time=0, just before transplantation), Time is the number
of days before or after transplant, and Transplant is an indicator variable for
transplantation status (O=pretransplant; 1=posttransplant). The interaction
term (TransplantxTime) explicitly models whether the rate of change in
sVCAM-1 is different in the pretransplant versus posttransplant periods; a
statistically significant coefficient indicates that the slopes (i.e., rates of
change) are significantly different in each period.
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To address whether other patient characteristics influenced the associa-
tion between sVCAM-1, Transplant, and Time, we constructed enriched
models in a forward stepwise fashion. First, we determined which additional
factors influenced sVCAM-1 level on univariable testing. We then added these
variables to the base model to see if they remained statistically significant at
the Pless than 0.1 level. The initial enriched model explored was

sVCAM-1=b0-+b1xCHF+b2 x Smoker+b3xHypertension+b4 x Diuretics
+b5xACEi/ARB+b6 xHeparin+b7xTime-+b8x Transplant
+b9 x(Transplant xtime)

Because only CHEF, Smoker, and the base model variables were
statistically significant at the P less than 0.1 level, only these terms were
retained in the model. In the next step, to explore the question of whether
the effect of the additional variables CHF and Smoking were different
pretransplant versus posttransplant, we examined the first-order interac-
tion terms CHF x Transplant and Smoker x Transplant. Because neither in-
teraction was statistically significant, these terms were dropped from the
model. In the last step, to address the question of whether CHF or smoking
influenced the rate of change of sVCAM-1, we examined the interaction
terms CHFxTime and SmokerxTime. Again, as neither interaction was
statistically significant, the terms were dropped from the model. The final
adjusted model therefore took the form:

sVCAM-1=b0+b1xCHF+b2 x Smoker+b3x Time+b4x Transplant+b5
X( Transplant xtime)

We additionally conducted two sensitivity analyses. In the first
analysis, we reintroduced variables and interaction terms excluded at an
earlier stage in the model building process to see if they would now alter
the model specification. In the second analysis, we used a stepwise backward
model building approach where the starting point was a fully specified
model including all potentially significant variables and all first-order
interactions with Time and Transplant. Individual terms were then se-
quentially removed until no further terms could be removed without sig-
nificantly altering model fit. In both approaches, the final model was
identical, and thus only the main analysis is presented in the article. All
analyses were performed using SAS v9.2.
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