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between CKD and greater CVR. Further investigation is war-
ranted into factors that mediate this relationship and poten-
tial clinical consequences of this exaggerated response to 
stress in CKD.   Copyright © 2007 S. Karger AG, Basel

  Introduction

  Cardiovascular reactivity (CVR), defined as an exag-
gerated hemodynamic response to mental stress, has 
been identified as a putative risk factor for hypertension 
 [1] , and coronary artery and cerebrovascular disease  [2–
5] . A tendency towards sympathetic hyperreactivity has 
been postulated to underlie this hyper-responsiveness to 
mental stress. Individuals who exhibit exaggerated re-
sponses to experimentally induced stress are believed to 
experience regular periodic increases in blood pressure 
in the setting of daily life stressors  [6, 7] , which over time 
may contribute to vascular injury and morbidity.

  Chronic kidney disease (CKD) is a highly prevalent 
condition which has also been associated with both sym-
pathetic hyperreactivity  [8, 9]  and a higher risk of cardio-
vascular and cerebrovascular disease  [10–12] . Although 
greater cardiovascular stress reactivity among individu-
als with CKD is plausible, no prior study has examined 
this association. It is possible that enhanced CVR may, in 
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  Abstract

   Background/Aims:  Cardiovascular reactivity (CVR), defined 
as an exaggerated hemodynamic response to mental stress, 
is a putative vascular risk factor and may reflect sympathetic 
hyperactivity. Chronic kidney disease (CKD) is also associat-
ed with sympathetic hyperactivity and vascular risk, but its 
relationship with CVR is unknown.  Methods:  CVR was as-
sessed in 107 individuals without overt cardiovascular dis-
ease or diabetes. Blood pressure and heart rate responses 
were elicited by three experimental tasks designed to evoke 
mental stress. Glomerular filtration rate (eGFR) was estimat-
ed using the MDRD formula. General linear models estimat-
ed the association between renal function and CVR, adjust-
ing for potential confounders.  Results:  Mean age was 66 
years and 11% had eGFR of  ! 60 ml/min/1.73 m 2 . After multi-
variate adjustment, a low eGFR was associated with a great-
er stress response of systolic blood pressure, heart rate, and 
pulse pressure. Associations were only partially attenuated 
after adjustment for lipids and glucose tolerance. When con-
sidered as a continuous variable, lower eGFR was associated 
with a greater blood pressure response after adjustment for 
glycemia.  Conclusion:  Although there were relatively few 
participants with CKD, these results suggest a relationship 
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part, contribute to the excess cardiovascular morbidity 
and mortality noted in the presence of CKD. According-
ly, we examined the relation between renal function and 
cardiovascular stress reactivity among a sample of com-
munity-dwelling middle-aged and older adults free of 
clinically apparent cardiac disease and stroke. We hy-
pothesized that individuals with impaired kidney func-
tion would exhibit a greater cardiovascular response to 
experimentally induced mental stress.

  Subjects and Methods

  Study Population
  Eligible subjects included community-dwelling middle-aged 

and older adults (age  1 55 years) who were participants in an on-
going study of the inter-relations among cardiovascular risk fac-
tors, psychophysiological factors, neuro-imaging, and neurocog-
nitive function  [5, 13] . Exclusion criteria were: history or clinical 
evidence of cardiac or peripheral vascular disease, prior stroke, 
diabetes, dementia (defined by a Mini-Mental State Exam (MMSE) 
score of  ! 24), heavy alcohol consumption ( 1 14 drinks/week), ma-
jor hepatic or pulmonary disease, moderate–severe renal impair-
ment (defined as serum creatinine  1 2.0 mg/dl), primary psychi-
atric disorder, neurological disease, and medications affecting 
central nervous system function (e.g., benzodiazepines, neuro-
leptics). None of the subjects were on lipid-lowering medications. 
Participants with mild–moderate hypertension were eligible but 
had their anti-hypertensive therapy withdrawn 2 weeks prior to 
mental stress testing (see below). Data are reported on 107 con-
secutive subjects. All participants gave informed consent, and all 
research was approved by the Institutional Review Boards of the 
University of Maryland, Baltimore, and the University of Mary-
land, Baltimore County.

  Experimental Protocol
  Participants received an initial medical evaluation including 

physical examination, blood chemistries, oral glucose tolerance 
test, and exercise treadmill test. All laboratory measurements 
were performed after an overnight fast. Serum creatinine was 
measured using an enzymatic method (Vitros 950, Ortho Clinical 
Diagnostics). Estimated glomerular filtration rate (eGFR) was 
computed using the abbreviated formula of Levey et al.  [14] . Im-
paired glucose tolerance was defined according to American Dia-
betes Association criteria  [15] . On a separate day from the initial 
examination, participants completed a psychophysiological as-
sessment of cardiovascular responses to experimental mental 
stressors. Individuals taking antihypertensive medications were 
withdrawn from these drugs for 2 weeks before this visit, under 
medical supervision; the purpose of this medication withdrawal 
was to obtain stress reactivity measures uninfluenced by pharma-
cological agents. No specific instructions were given to partici-
pants regarding refraining from smoking. Participants performed 
a series of three 3-min experimental tasks in fixed order, as de-
scribed previously  [5] . These three tasks were selected to evoke 
negative emotions. (1) Anger recall involved a detailed descrip-
tion of a personally relevant anger-provoking incident chosen by 

the participant  [16, 17] . (2) In the speech/role play task  [17] , sub-
jects participated in a hypothetical interpersonal scenario in 
which a close relative was being mistreated by the night staff of 
his/her nursing home, and in which the participants delivered a 
spontaneous speech to a confederate responsible nursing home 
administrator. Speech delivery was interrupted frequently with 
challenging statements, resulting in a provoking role-played in-
terchange. (3) The mental arithmetic task involved serial subtrac-
tions by 7 (or 3 depending on performance) from 3-digit numbers. 
Participants responded aloud while being prompted to work fast-
er, try harder, and make fewer mistakes.

  A 10-min rest period preceded each task; the last 4.5 min of 
this period were used as a ‘baseline’ period for data collection for 
each task. Supine blood pressure and heart rate were measured 
oscillometrically every 90 s during rest periods and every 60 s 
during the task period with an automated vital signs monitor 
(Dinamap Model 1846SX). Pulse pressure was calculated as the 
difference between each systolic (SBP) and diastolic blood pres-
sure (DBP) measurement. Mean resting and task levels SBP, DBP, 
pulse pressure, and heart rate were computed from the 3 readings 
obtained during each respective baseline and task period.

  Statistical Analysis
  Renal function was dichotomized as impaired or non-im-

paired based on an eGFR threshold of 60 ml/min/1.73 m 2 , accord-
ing to the National Kidney Foundation Chronic Kidney Disease 
classification guidelines  [18] ; a secondary analysis considered 
eGFR as a continuous variable. Characteristics of participants 
with and without impaired renal function were compared using 
the  �  2  test for categorical covariates and either the t test or Wil-
coxon rank sum test for continuous variables. The association be-
tween renal function and cardiovascular responses to mental 
stress, adjusted for potential confounders, was estimated using 
general linear models (GLM). The mean task-specific blood pres-
sure or heart rate was entered as the dependent variable, with rest-
ing (pre-task) blood pressure/heart rate, the type of experimental 
task, and eGFR category entered as independent covariates. An 
identity link function and a Gaussian distribution of the depen-
dent variable were specified, and robust (Huber/White sandwich) 
variance estimators were used to estimate standard errors of the 
regression coefficient, with clustering on each individual partici-
pant. Adjustment was made initially for a set of theoretically plau-
sible confounders, based on a literature review of factors likely to 
influence renal function and CVR: age, gender, race, body mass 
index (kg/m 2 ), hypertension, and aspirin use. Measures of glucose 
tolerance (fasting glucose and glucose 120 min following an oral 
glucose load) and lipids (triglycerides, HDL-cholesterol, and 
LDL-cholesterol) were included as additional covariates in ex-
ploratory models – although they have been shown to associate 
with renal function, the causal direction of this association is un-
clear, and therefore their roles as potential confounders versus 
mediators are uncertain.

  Interactions between eGFR and the specific laboratory task 
were estimated by testing appropriate task–eGFR interaction 
terms – since no significant interaction was found (p  6  0.3), re-
activity measures were collapsed across the three tasks using the 
GLM models. Prior work has suggested that collapsing reactivity 
measures across tasks improves the reliability of these measures 
 [19] . All statistical analyses were performed using Intercooled 
Stata v8.2 (Statacorp, College Station, Tex., USA).
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  Results

  Study Population
  The median serum creatinine was 0.9 mg/dl, mean 

eGFR was 79.2 ml/min/1.73 m 2  (SD = 18.9), and 11% (n = 
12) had an eGFR of  ! 60 (range 48–59 ml/min/1.73 m 2 . 
Participants with an eGFR of  ! 60 ml/min/1.73 m 2  were 
significantly older and had higher resting clinic systolic 
and diastolic blood pressure, higher fasting serum glu-
cose, and were more likely to have impaired glucose toler-
ance ( table 1 ). In addition, average triglyceride levels were 
higher and HDL-cholesterol levels lower among those 
with an eGFR of  ! 60 ml/min/1.73 m 2 .

  Stress Reactivity and eGFR
  Age-adjusted stress responses of SBP and DBP, heart 

rate, and pulse pressure were on average greater among 
those with an eGFR of  ! 60 ml/min/1.73 m 2 , with signif-
icant differences detected for SBP, pulse pressure, and 
heart rate for the anger recall task ( fig. 1 ). In multivariate 
regression (GLM) models, those with a low eGFR had sig-
nificantly greater increases in SBP, pulse pressure, and 
heart rate compared to those with an eGFR of  6 60 ml/
min/1.73 m 2 , even after adjustment for age, gender, race, 
body mass index, history of hypertension, and use of as-
pirin ( table 2 ; model 1). Additional adjustment for fasting 
glucose and serum glucose following an oral glucose load 

  Table 1.  Characteristics of study population by estimated GFR (eGFR)

 Characteristic eGFR <60 ml/min/
1.73 m 2  (n = 12) 

GFR ≥60 ml/min/
1.73 m 2  (n = 95) 

 p value 

 Age, years 70.7 8 4.7 66.1 8 6.7  0.01 
 Male, n 9 (75%) 58 (61%)  0.5 
 Caucasian, n 11 (92%) 85 (89.5%)  0.5 
 Hypertension,  5 (42%) 25 (26.6%)  0.3 
 Antihypertensive medication use 1, n  3 (25%) 13 (14%)  0.4 

 ACEI or ARB, n 2 2 
  � -Blocker, n 1 6 
 Diuretic, n 0 3 
 Ca-channel blocker, n 0 3 
  � -Blocker, n 0 6 

 BMI, kg/m 2  27.9 8 2.9 27.3 8 5.0  0.8 
 Mean resting SBP, mm Hg  144.3 8 25.9  129.4 8 18.2  0.01 
 Mean resting DBP, mm Hg 69.7 8 11.0 69.4 8 9.5  0.9 
 Mean resting heart rate, beats/min 61.6 8 9.1 61.8 8 9.2  0.9 
 Current/former smoker, n 7 (58%) 48 (51%)  0.8 
 Hb, g/dl 14.1 8 1.2 14.2 8 1.3  0.7 
 Fasting glucose, mg/dl  104.3 8 23.2 94.1 8 10.5  0.048 
 2-hour glucose, mg/dl  167.9 8 77.7  129.5 8 43.2  0.07 
 Impaired fasting glucose 2, n  6 (50%) 20 (22%)  0.07 
 Impaired glucose tolerance 3, n  8 (67%) 32 (34%)  0.05 
 LDL-C, mg/dl  123.4 8 26.1  121.1 8 25.0  0.5 
 TGL, mg/dl 144 [106, 155] 98 [75, 119]  0.008 
 HDL-C, mg/dl 41 [38, 48] 50 [41, 63]  0.05 
 Albumin, g/dl 4.35 8 0.34 4.35 8 0.26  0.9 
 Aspirin use, n 1 (8.3%) 18 (19.0%)  0.5 

 Values are given as means  8  SD, number of subjects with per-
centages in parentheses, or medians with the interquartile ranges 
in brackets.

  ACEI = Angiotensin-converting enzyme inhibitor; ARB = an-
giotensin receptor blocker; SBP = systolic blood pressure; DBP = 
diastolic blood pressure; Hb = hemoglobin; LDL-C = low-density 
lipoprotein cholesterol; HDL-C = high-density lipoprotein cho-
lesterol; TGL = triglyceride. To convert glucose to millimoles per 

liter, multiply by 0.05551; to convert LDL-C to millimoles per liter, 
multiply by 0.02586; to convert triglyceride to millimoles per liter, 
multiply by 0.01129; to convert HDL-C to millimoles per liter, 
multiply by 0.02586.

   1  At time of enrolment; all participants on antihypertensive 
medications received stress reactivity testing after a 2-week wash-
out period without such medications.  2  Fasting glucose ≥100 mg/
dl.  3  Glucose at 120 min following oral load ≥140 mg/dl. 
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  Fig. 1.  Age-adjusted cardiovascular reactivity by the estimated glomerular filtration rate (eGFR) and experi-
mental task. Error bars indicate 95% confidence intervals.  )  = eGFR  ! 60 ml/min;  $  = eGFR  6 60 ml/min.
 a  Change in systolic blood pressure (SBP).  b  Change in diastolic blood pressure (DBP).  c  Change in heart rate. 
 d  Change in pulse pressure. 

  Table 2.  Association between stress reactivity measures and eGFR <60 ml/min/1.73 m 2 

 Hemodynamic measure  Unadjusted  Model 1  Model 2  Model 3  Test for task–eGFR 
interaction 

  � SBP  8.5 (2.4, 14.6)
  p = 0.005 

 7.8 (2.0, 13.6)
  p = 0.009 

 8.0 (2.3, 13.6)
  p = 0.007 

 7.0 (0.6, 13.4)
  p = 0.03 

 0.6 

  � DBP  3.3 (–0.8, 7.5)
  p = 0.12 

 2.2 (–1.5, 5.9)
  p = 0.2 

 2.4 (–1.4, 6.2)
  p = 0.2 

 1.8 (–2.0, 5.7)
  p = 0.3 

 0.9 

  � Heart rate  2.5 (–0.8, 5.9)
  p = 0.14 

 3.3 (0.1, 6.4)
  p = 0.04 

 3.6 (0.3, 6.8)
  p = 0.03 

 3.1 (–0.8, 6.2)
  p = 0.056 

 0.3 

  � Pulse pressure  5.7 (1.5, 9.9)
  p = 0.008 

 5.9 (1.8, 9.9)
  p = 0.004 

 5.8 (1.7, 10.0)
  p = 0.006 

 5.5 (1.0, 10.0)
  p = 0.018 

 0.5 

 Regression coefficients represent the adjusted average difference in  stress reactivity between those with an eGFR of <60 ml/
min/1.73 m 2  or ≥60 ml/min/1.73 m 2 . Stress reactivity measures were computed for all 3 stressors.

  Model 1: adjusted for age, gender, race, body mass index (kg/m 2 ), aspirin use, and hypertension.
  Model 2: additionally adjusted for fasting glucose and plasma glucose 120 min following an oral glucose load.
  Model 3: Adjusted for covariates in model 1 and additionally for HDL-C, triglycerides, and LDL-C. 
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did not materially change the results (model 2). Adjust-
ment for fasting lipid profile (LDL-C, HDL-C, and tri-
glycerides) resulted in a modest attenuation of the esti-
mated regression coefficients ( table 2 ; model 3). Associa-
tions of low eGFR and stress reactivity did not differ 
significantly across experimental tasks (p  1  0.3 for tests 
of interaction).

  When eGFR was considered as a continuous predictor 
variable, a significant linear relationship with SBP and 
DBP reactivity was noted in unadjusted models ( table 3 ). 
However, after adjustment for age, gender, race, body 
mass index, hypertension, and aspirin use, the associa-
tions were attenuated and no longer significant ( table 3 ; 
model 1). After further adjustment for fasting glucose 
and post-challenge glucose levels (model 2), there were 
significant albeit moderate linear associations of eGFR 
and SBP and DBP reactivity. In contrast, no linear asso-
ciations were observed after adjustment for lipid levels 
(model 3). No interaction between eGFR and experimen-
tal task was noted for any of the multivariate models.

  Discussion

  Among a cohort of older community-dwelling indi-
viduals free of clinical cardiac disease and stroke, indi-
viduals with lower eGFR had significantly greater hemo-
dynamic responses to experimentally induced mental 
stress. This association was observed even after adjusting 
for prevalent hypertension, demographic factors, body 
mass index, aspirin use, and glycemic factors, and did not 
differ significantly across the three experimental mental 
tasks – anger recall, role play, and mental arithmetic. To 

our knowledge, this is the first study to demonstrate an 
association between impaired renal function and greater 
CVR. These results are especially notable in light of the 
relatively mild degree of renal impairment observed in 
the study cohort. It is possible that an even greater CVR 
to stress is present among individuals with more severe 
renal impairment.

  Several decades of research have linked greater CVR 
to stress with the development of essential hypertension 
 [1]  and acute clinical stroke  [2] , and with a greater sever-
ity of subclinical vascular disease including coronary cal-
cification  [3] , carotid intima-media thickness  [4] , induc-
ible myocardial ischemia  [20] , and subclinical infarcts 
and white matter disease in the brain  [5] . Hemodynamic 
responses to mental and emotional stress induced in an 
experimental laboratory setting have been shown to cor-
relate with responses exhibited during normal daily ac-
tivities  [6] , and it is possible that such reactivity occurring 
repeatedly and chronically can lead to the development 
of vascular injury. Patients with impaired renal function 
are at much greater risk for cardiovascular disease and 
morbidity, including stroke  [21] , subclinical brain infarct 
 [22] , carotid artery intima-media hyperplasia  [23] , and 
coronary calcification  [24]  – results of the present study 
raise the possibility that exaggerated responses to stress 
could explain in part this increased vascular risk.

  The association we observed between impaired renal 
function and cardiovascular stress reactivity may be ex-
plained by a number of causal and/or mediating factors. 
Individuals with CKD exhibit baseline hyperactivity of 
the sympathetic nervous system  [8, 9] , which may play a 
direct role in mediating CVR to emotional stress. A de-
ficiency in nitric oxide availability  [25]  and impairment 

  Table 3.  Association between eGFR and stress reactivity measures

 Hemodynamic
  measure 

 Regression coefficient (95% CI)  Test for task–
GFR interaction  unadjusted  model 1  model 2  model 3 

  � SBP  1.32 (0.29, 2.36)  0.99 (–0.09, 2.08)  1.35 (0.29, 2.41) 0.85 (–0.20, 1.90)  0.7 
  � DBP  0.70 (0.11, 1.28)  0.47 (–0.12, 1.07)  0.68 (0.11, 1.25) 0.44 (–0.16, 1.03)  0.8 
  � Heart rate  0.17 (–0.37, 0.72)  0.06 (–0.50, 0.61)  0.25 (–0.29, 0.79)  –0.03 (–0.59, 0.52)  0.4 
  � Pulse pressure  0.71 (–0.02, 1.45)  0.58 (–0.19, 1.36)  0.74 (–0.04, 1.52) 0.47 (–0.27, 1.20)  0.7 

 Regression coefficients represent the difference in mean stress response associated with a 10 ml/min lower eGFR, holding other 
factors constant. Stress reactivity measures were computed for all 3 stressors combined.

  Model 1: Adjusted for age, gender, race, sex, body mass index (kg/m 2 ), aspirin use, and hypertension.
  Model 2: Additionally adjusted for fasting glucose and plasma glucose 120 min following oral glucose load.
  Model 3: Adjusted for covariates in model 1 and additionally for HDL-C, triglycerides, and LDL-C. 
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of endothelial function  [26, 27]  are also common in CKD 
and could plausibly explain the relation with CVR. Al-
ternatively, individuals who exhibit exaggerated re-
sponses to experimentally induced stress may have suf-
fered direct renal injury as a result of this increased re-
activity. In support of this hypothesis, Schmieder et al. 
 [28]  reported that subjects with mild hypertension expe-
rienced increased circulating angiotensin II along with 
decreased renal blood flow, glomerular hypertension, 
and increased systemic blood pressure in response to ex-
perimentally induced mental stress; these hemodynamic 
glomerular changes might be expected to contribute to 
permanent renal injury if sustained or repeated over the 
long term.

  It is also plausible that metabolic factors such as dys-
lipidemia and insulin resistance, which are highly preva-
lent in CKD, could explain or mediate some of the effects 
of renal function on stress reactivity  [29, 30] ; our results 
suggest that high triglycerides and low HDL-C account 
for at least some of the correlation between renal function 
and CVR. However, the causal direction of these corre -
 lations cannot be determined in this cross-sectional 
study.

  Whether the relationship between renal function and 
cardiovascular stress reactivity is linear or exhibits a 
threshold effect is somewhat unclear. A priori we chose a 
cutoff point of 60 ml/min/1.73m 2  to classify eGFR as im-
paired or non-impaired, based on the standard definition 
of stage III or greater CKD according to the National Kid-
ney Foundation criteria  [18] ; this cutoff point identifies 
those with a higher risk of cardiovascular outcomes and 
death  [12] . Post-hoc examination of multiple different 
cutoff points was avoided due to the high likelihood of a 
type I error. Although no significant linear relationship 
was observed between eGFR and stress reactivity mea-
sures in the primary regression model, there were modest 
but significant linear associations observed after addi-
tional adjustment for glycemic status.

  The strengths of this study include the well-character-
ized study population that was largely free of diabetes and 
overt cardiovascular disease, thus eliminating these im-
portant influences as potential confounders. Limitations 
include the use of formula-derived estimates of GFR rath-
er than direct isotope-based measures. Although the es-
timating equation of Levey et al.  [14]  is clearly superior to 
that of unadjusted creatinine in predicting true GFR, 
there is still considerable error in the estimate, especially 
when the true GFR is in the normal range (i.e.,  1 90 ml/
min/1.73 m 2 )  [31] . However, one would expect this error 
to be random with regard to stress reactivity measures; 

the effect of this non-differential error is to bias the esti-
mated regression coefficients towards zero (no associa-
tion of eGFR and stress reactivity), so that the true asso-
ciations may be even greater than those estimated in our 
analysis. The small number of individuals with impaired 
estimated renal function in this study population limits 
the statistical power of the analysis and precludes explo-
ration of effect modification by other factors. Although 
those participants (15%) who were on antihypertensive 
treatment were tested after 2 weeks of supervised medica-
tion withdrawal, we cannot exclude the possibility of re-
sidual medication effects, especially among those with 
low GFR in whom the half-life of long-acting renally ex-
creted drugs may be prolonged. However, this residual 
medication effect would be expected to attenuate CVR to 
a greater extent among those with low GFR, whereas we 
observed a greater CVR among this group. As nearly 50% 
of the participants were active smokers and were not re-
quired to refrain from smoking prior to reactivity testing, 
we cannot exclude an acute effect of recent tobacco use 
on the observed stress responses. However, the propor-
tion of smokers was similar among those with and with-
out low GFR, so major confounding by smoking is un-
likely. Additionally, no measures of albuminuria or pro-
teinuria were collected as part of this study; it is possible 
that these measures, which often reflect early renal in-
jury, may also predict greater cardiovascular responses to 
stress and therefore confound the relationship between 
GFR and stress reactivity.

  In conclusion, we have demonstrated for the first time 
that older individuals with mild–moderate renal impair-
ment have a greater cardiovascular response to mental 
stress, a putative vascular risk factor. In light of the small 
sample of individuals with low GFR, these results should 
be confirmed in a larger study population. Further in-
vestigation is also warranted into the factors that medi-
ate this relationship and the clinical consequences of
this exaggerated response to stress in individuals with 
CKD.
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