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Longitudinal Study of Chronic Kidney 
Disease Progression and Associated Costs 
Ladan Golestaneh, MD, MS;1 Paula J Alvarez, RPh, MPH, MBA;2 Nancy L Reaven, MA;3  
Susan E Funk, MBA, FACHE;3 Karen J McGaughey, PhD;4 Alain Romero, PharmD, PhD;2  
Macaulay Onuigbo, MD, MSc, MBA5-7

Chronic kidney disease (CKD) affects 13.6% of the US adult population, with 
a projected increase to 16.7% by 2030.1,2 Risk factors for progression of CKD 

include diabetes, albuminuria, and various cardiovascular comorbidities, which 
provide the targets for current CKD management.3-6 With CKD progression ad-
verse cardiovascular events and mortality increase.7-11 Importantly, the associations 
between decreased estimated glomerular filtration rate (eGFR) and risk of major 
cardiovascular events and death appear independent of concomitant chronic dis-
eases (eg, cardiovascular disease or heart failure).7

Prevalence estimates of CKD, based on cross-sectional analyses,12,13 provide a 
snapshot with little information about CKD progression over time. Most infor-
mation on effects of CKD progression on health care costs was also derived from 
cross-sectional studies. Notwithstanding these limitations, a direct association be-
tween progression and cost was demonstrated. In Australia, annual health care 
costs increased from $1829 for individuals without CKD to $14,545 for those 
with stage 4/5 CKD.14 In a Japanese cohort, medical expenditures increased with 
CKD stage.15,16 In our previous study of CKD patients with a prescription his-
tory of renin-angiotensin-aldosterone system inhibitor (RAASi) therapy, all-cause 
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abstract: In order to identify drivers of chronic kidney disease (CKD) stage 
progression and health care costs associated with progression, we conducted 
a retrospective, longitudinal observational study querying the Humedica elec-
tronic medical records database for adult patients in the United States with 
new, sustained, or progressive CKD (stage 2, 3a, 3b, or 4/5) with ≥ 1 year pre-
index and ≥ 3 years post-index data. Data was analyzed for 212,920 CKD stag-
es among 189,799 patients (52,280 age < 65 years; 137,519 age ≥ 65 years). On 
Poisson regression, diabetes, heart failure, cardiovascular disease, and pre-
index hyperkalemia predicted CKD progression. CKD progression rates were 
highest among patients with stage 3a or 3b disease (38%-43% at 3 years). 
Progressing patients averaged 12 to 16 months in their index stage. Incremen-
tal cost increased with each successive stage (all P < .001, except stage 3a vs 
2 in Medicare patients) and was higher in Commercial patients vs Medicare.  
Hyperkalemia and the well-known comorbidities were associated with CKD pro-
gression. Incremental costs with CKD progression are substantial, especially in  
younger patients.
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costs per patient were exponentially higher at each succes-
sive CKD stage.17 We hypothesized that other factors, such 
as hyperkalemia, may also contribute to cost independently 
through increased provider-driven hospitalization. 

Longitudinal analyses of real-world clinical practice are 
needed to evaluate the rate of CKD stage progression, ex-
plore risk factors driving progression, and assess how CKD 
progression affects health care costs. Importantly, identifying 
cost drivers of CKD progression may help uncover cost-
reducing strategies. We report a retrospective longitudinal 
study of a large electronic US medical database evaluating 
the rates and risk factors for progression by CKD stage over 
3 years and impact on health care costs. 

methods
Study Population and Cohorts
We queried Humedica (Boston, MA) database electronic 
medical records (EMR) covering approximately 7 million 
patients during 2007-2012. Included patients were indexed 
at first evidence of new, sustained, or progressive CKD 
(stage 2, 3a, 3b, or 4–5) identified by eGFR or diagnosis 
code (Supplementary Table 1), if they had EMR data for 
≥ 1 year before and ≥ 3 years after the index event that  
included ≥ 2 eGFR readings separated by ≥ 90 days.  
Patients were re-included at each subsequent CKD stage for 
which an outcome period extended ≥ 3 years from the stage  
start/index date.  Patients with end-stage renal disease (ESRD) 
at index—ineligible for analysis of primary outcomes—
were included for comparisons of patient characteristics and  
ongoing costs. Exclusions were applied for missing data 
(Supplementary Figure 1).

Demographic and clinical characteristics were evaluated 
at the onset of each CKD stage using prior data. Patients 
were assigned by age at first inclusion to Medicare (age 
≥ 65 years) or Commercial (age < 65 years) cohorts for 
modeling insurance coverage. Comorbidities were identi-
fied by single occurrence of any indicator in pre-stage data 
using diagnosis codes, laboratory values, or antihyperglyce-
mic medications (Supplementary Table 2). Prescriptions 
for RAASi were classified by dose level at the beginning 
of each CKD stage as “maximum” (recommended labeled 
dose, Supplementary Table 3), “submaximum” (any less-
er amount), or “discontinued” (> 390 days elapsed since 
most recent prescription). Outpatient diuretic therapy dur-
ing the 12-month pre-index period was categorized hi-
erarchically as loop diuretic, other diuretic, or none. Visit 
frequency was characterized as infrequent (0-1 visit) or fre-
quent (≥ 2 visits) based on the number of office/clinic visits 
in the 12 months preceding the end of the outcome period 
or CKD progression.

Classification of Services and Medications 
Health care services were classified as inpatient, emergency 
department visits, or by type of outpatient service. Prescrip-

tions were identified by generic name of the primary ingre-
dient, irrespective of dose, brand, or formulation.

Cost of Services and Medications
Average health plan-allowed cost was obtained from 
2013 Commercial insurance and Medicare claims data  
(OptumInsight, Minneapolis, MN) per inpatient day for  
surgical and non-surgical admissions (with and without 
comorbidities), per visit for outpatient and physician care 
and services, and per filled prescription (along with percent  
refills) for common medications (all forms and doses, by  
generic name of primary ingredient). Average allowed cost 
per service in Commercial or Medicare insurance claims 
was applied to each service event for the Commercial and  
Medicare groups, respectively. Outpatient dialysis services in 
patients without evidence of kidney transplant were exclud-
ed from ESRD costs due to significant underrepresentation 
in the source data. For high-frequency medications, average 
cost per filled prescription plus refills at observed rates was 
assessed in claims data. Average cost per written prescription 
(fill + refills) was applied to each evaluated medication; aver-
age cost per prescription of these drugs, weighted at actual 
usage in the data set, was applied to prescriptions of drugs 
for which specific cost data was not acquired. Costs were  
normalized to 2016 US dollars at 3% per annum.

Primary Outcomes: CKD Progression Rates and 
Cost of Progression 
Rates of CKD progression (defined as progression from one 
stage to any higher stage, including progression from stage 
3a to 3b) were calculated at 1, 2, and 3 years by payer group. 
Average time in each CKD stage (months over the 3-year 
period) was also calculated. Incremental cost of CKD pro-
gression at 1 year was evaluated longitudinally by compar-
ing mean change in cost (12 months post- vs pre-index) per 
patient for all patients who did vs did not progress to any 
higher stage within 1 year. Progression rates and incremental 
cost results were further stratified by single-stage progression 
vs progression of > 1 stage. 

Statistical Analyses
Within the Medicare and Commercial cohorts, Poisson re-
gression models were used to evaluate the role of a priori-
defined independent variables in predicting progression from 
each CKD stage within 1 year. Independent variables (age 
[continuous] sex, region, all defined comorbidities [heart 
failure, diabetes, hypertension, cardiovascular disease, and 
hyperkalemia], RAASi dose level, visit frequency [frequent/
infrequent], and diuretics [loop/other/none]) were evaluated 
using a stepwise selection procedure (α = 0.05). Interaction 
terms (selected a priori for clinical significance) included heart 
failure with hyperkalemia and RAASi therapy with specified 
comorbidities (diabetes, cardiovascular disease, hypertension, 
and hyperkalemia).
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The significance of the difference in mean cost increase 
between patients who progressed and those who did not was 
evaluated by t-test. Differences in mean change in cost for 
patients with single-stage vs multi-stage progression among 
patients who progressed within 1 year were compared using 
ANOVA. Multivariate linear regression models were devel-
oped for predictors of cost of CKD progression, and logistic 
regression models were developed for predictors of single-

stage vs multi-stage progression during 1 year. The cost of 
progression for Medicare vs Commercial patients within 
each CKD stage was compared using a repeated measures 
ANOVA. Cox proportional hazards analyses were conducted 
to assess factors associated with time in each stage over the 
3-year outcome period in the Commercial and Medicare 
groups.  As this was a longitudinal analysis, each patient served 
as his/her own pre-index cost basis. 

Table 1. Demographics and Clinical Characteristics of the Commercial and Medicare Groups 

CKD Stage: Stage 2 Stage 3a Stage 3b Stage 4/5 Totala

Commercial group

N 40,594 7744 4309 3493 52,280

Age, years: mean (SD) 55.6 (7.13) 56.4 (7.46) 55.6 (7.95) 54.1 (8.83) 55.4 (7.50)

Sex, n (%)

Male 19,195 (47) 4154 (54) 2315 (54) 1785 (51) 25,579 (49)

Female 21,399 (53) 3590 (46) 1994 (46) 1708 (49) 26,701 (51)

Race, n (%)

Caucasian 22,795 (56) 3905 (50) 2055 (48) 1539 (44) 27,958 (53)

African American 7609 (19) 1822 (24) 1009 (23) 833 (24) 10,481 (20)

Other/unknown 10,190 (25) 2017 (26) 1245 (29) 1121 (32) 13,841 (26)

Comorbidities, n (%)

Diabetes 10,268 (25) 3062 (40) 2090 (49) 1788 (51) 15,077 (29)

Heart failure 1535 (4) 759 (10) 662 (15) 604 (17) 2936 (6)

Cardiovascular disease 8893 (22) 2516 (32) 1661 (39) 1413 (40) 12,508 (24)

Hypertension 20,922 (52) 5019 (65) 2920 (68) 2326 (67) 28,041 (54)

Hyperkalemia 4281 (11) 1533 (20) 1336 (31) 1454 (42) 7719 (15)

Medicare group

N 103,742 24,770 15,417 8654 137,519

Age, years: mean (SD) 74.6 (6.04) 77.1 (6.12) 77.5 (6.15) 77.1 (6.15) 75.2 (6.18)

Sex, n (%)

Male 30,094 (29) 10,563 (43) 6935 (45) 3931 (45) 45,280 (33)

Female 73,648 (71) 14,207 (57) 8482 (55) 4723 (55) 92,239 (67)

Race, n (%)

Caucasian 70,195 (68) 16,499 (67) 9971 (65) 5187 (60) 91,724 (67)

African American 7330 (7) 2757 (11) 1874 (12) 1220 (14) 11,590 (8)

Other/unknown 26,217 (25) 5514 (22) 3572 (23) 2247 (26) 34,205 (25)

Comorbidities, n (%)

Diabetes 23,883 (23) 8147 (33) 6060 (39) 3905 (45) 35,906 (26)

Heart failure 4896 (5) 3001 (12) 2625 (17) 1999 (23)          9414 (7)

Cardiovascular disease 33,168 (32) 11,657 (47) 7979 (52) 4688 (54)        48,181 (35)

Hypertension 57,749 (56) 17,169 (69) 11,083 (72) 6186 (71) 80,049 (58)

Hyperkalemia 10,039 (10) 4216 (17) 3992 (26) 3249 (38) 17,536 (13)
aTotal population represents the number of unique patients and does not equal the sum of Ns by stage, because patients could contribute 
data to more than one CKD stage.
Abbreviations: CKD, chronic kidney disease; SD, standard deviation.
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Figure 1. CKD Progression Rates at 1 Year, 2 Years, and 3 Years by CKD Stage in the Commercial Group (A) and Medicare 
Group (B)
Histogram shows the proportion of patients with progression by 1 stage and >1 stage within the indicated time period. The total proportion 
of patients with progression is indicated above each bar. 
Abbreviation: CKD, chronic kidney disease. 
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Figure 2. Mean Incremental Cost Per Patient in the Commercial Group (A) and Medicare Group (B) Among Patients With 
and Without CKD Stage Progression
aESRD costs excluded dialysis services, which were underreported in the electronic medical record data.
Abbreviations: CKD, chronic kidney disease; ESRD, end-stage renal disease. 
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All statistical analyses were performed using SAS/
STAT® software, version 9.4 (SAS Institute, Cary, NC).  
P-values < .05 were considered significant. 

results
Study Population
The study population (N = 189,799) consisted of 52,280  
patients aged < 65 years (Commercial insurance) and 
137,519 patients aged ≥ 65 years (Medicare). The mean ages 
of these groups were 55.4 and 75.2 years, respectively; the 
Medicare cohort had more females (67% vs 51%) and fewer 
African Americans (8% vs 20%) than the Commercial cohort  
(Table 1; Supplementary Table 4). 

Rate of CKD Progression
The rate of CKD progression within the first year was  
highest in patients with stage 3a/3b disease (19%-22%) in 
both the Commercial and Medicare groups vs approxi-
mately 10% of stage 2 patients (Figure 1). CKD progres-
sion was seen in 16%-17% of stage 2 patients vs 30% to 33% 
of stage 3a/3b patients by 2 years, and in 23% of stage 2  
patients vs 38%-43% of stage 3a/3b patients by 3 years.    Rates of  
progression by > 1 stage increased over time, and progres-
sion by > 1 stage was generally more common among  
Commercial patients than among Medicare patients.  The 
rate of  progression from stage 4/5 to ESRD was also higher in  
Commercial vs Medicare patients. Progression from CKD 
stages 3a/3b to ESRD occurred at lower, but still meaning-
ful, rates during the 3-year post-index observation period.

Predictors of CKD Progression at 1 Year 
Regression analysis by payer group for each CKD stage 
showed that independent predictors identified for the Com-
mercial and Medicare groups differed; however, several fac-
tors were consistently identified across models (Table 2). 
Among comorbidities, diabetes was the most consistent  
predictor of CKD progression. Compared to patients  
without diabetes, patients with diabetes had a higher risk 
of progression from stage 2, stage 3a, and stage 3b, for both  
insurance groups. Diabetes was also predictive of progres-
sion from stage 4/5 to ESRD in the Commercial group 
but not in the Medicare group. Heart failure, cardiovascu-
lar disease, and pre-index hyperkalemia were also consis-
tent predictors of CKD progression, whereas hypertension 
was generally associated with lower rates of progression 
in Medicare patients but had no effect on progression in 
Commercial patients. Prescriptions for loop diuretics were 
consistently associated with higher risk of CKD progres-
sion. Frequent health care visits (≥ 2/year) were generally 
associated with lower risk of progression. Demographic 
factors did not consistently predict CKD progression, al-
though age, sex, and region were retained in the final Pois-
son regression models at some stages.

Time in CKD Stage 
Patients who progressed within 3 years stayed in their index 
CKD stage for a mean of 12 to 16 months before progressing. 
On average, patients stayed slightly longer in stage 2 before 
progressing than in stages 3a or 3b, and patients in the Medi-
care group stayed slightly longer in each stage than those in 
the Commercial group (Supplementary Figure 2). 

Predictors of Time in CKD Stage 
Cox proportional hazards analyses evaluated factors associat-
ed with time in each stage over the 3-year outcome period in 
the Commercial and Medicare groups. Diabetes was a strong 
and significant predictor of faster progression (ie, shorter time 
in stage) at all CKD stages. In the Commercial group, diabe-
tes increased the hazard for progression by 40.3% to 81.5% 
in stage 2 patients, depending on the RAASi level; by 42.1% 
in stage 3a; by 35.3% in stage 3b; and by 12.4% to 96.8% 
in stage 4/5 patients, again depending on RAASi dose level 
(Supplementary Table 5). In the Medicare group, diabetes 
increased the likelihood for progression by 34.6% in stage 2, 
26.4% in stage 3a, 30.7% in stage 3b, and 26.2% in stage 4/5 
(Supplementary Table 6). 

Heart failure was predictive of faster progression in stage 
2 patients without evidence of hyperkalemia and in stage 3a 
patients in the Commercial group, and in stage 3a patients 
and in stage 3b patients without evidence of hyperkalemia 
in the Medicare group. Cardiovascular disease was associated 
with a small increase in the hazard of CKD stage progression 
at stage 2 (also at stage 3a in the Medicare group), but with 
reduced likelihood for progression in stage 4/5.

A history of pre-index hyperkalemia was often associ-
ated with faster CKD stage progression. In the Commercial 
group, hyperkalemia increased the likelihood for progression 
by 14.9% in stage 2 patients without evidence of heart failure 
and by 10.8% in stage 3a patients (Supplementary Table 5). 
In the Medicare group, hyperkalemia was associated with in-
creased likelihood for progression by 14.0% to 41.8% in stage 
2 patients without evidence of heart failure, depending on 
the RAASi dose level; by 27.7% in stage 3a patients; and by 
22.0% in stage 3b patients (Supplementary Table 6).

Prescriptions for loop diuretics were strongly associated 
with faster CKD stage progression, increasing the hazard by 
71.1% in stage 2, 55.5% in stage 3a, 46.9% in stage 3b, and 
nonsignificantly by 11.0% in stage 4/5 in the Commercial 
group; and by 63.2% in stage 2, 32.3% in stage 3a, 24.5% 
in stage 3b, and 19.2% in stage 4/5 in the Medicare group. 
RAASi dose level was independently associated with progres-
sion in the Medicare group, but its impact varied, depending 
on disease stage, from increased likelihood of progression in 
stage 2 to decreased likelihood in stage 4/5.

Incremental Cost of CKD Progression at 1 Year
At each index CKD stage in both the Commercial and 
Medicare groups, patients who progressed within 1 year 
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Table 2. Predictors of CKD Stage Progression at 1 Year by Poisson Regression Analysis in the  
Commercial and Medicare Groups

                   Commercial Group                       Medicare Group

CKD stage Predictive factor P-value AIRR P-value AIRR

Stage 2 Male gender .0017 1.11 <.0001 1.71

Age <.0001 1.04

Midwest region <.0001 1.18

Northeast regiona <.0001 0.65 <.0001 0.65

Diabetes <.0001 1.57 <.0001 1.35

Heart failure <.0001 1.56 <.0001 1.41

CVD <.0001 1.22 <.0001 1.23

Hyperkalemia <.0001 1.34 .0029 1.11

Loop diureticb <.0001 1.99 <.0001 1.71

Non-loop diureticb <.0001 1.18

RAASi maximumc <.0001 1.28 .0010 1.31

RAASi submaximumc .0081 1.12 <.0001 1.23

RAASi discontinuedc .0201 1.25 <.0001 1.52

Frequent visitsd .0078 0.88 <.0001 0.86

Stage 3a Male gender .0317 1.07

Age .0002 0.99 <.0001 1.01

Midwest regiona .0130 1.09

Northeast regiona .0041 0.87

Diabetes <.0001 1.33 <.0001 1.23

Heart failure .0277 1.20 <.0001 1.31

CVD .0149 1.08

Hypertension <.0001 0.83

Hyperkalemia <.0001 1.30

Loop diureticb <.0001 1.63 <.0001 1.39

RAASi maximumc .0012 1.16

Frequent visitsd .0221 0.85

Stage 3b Age <.0001 0.98

Diabetes .0118 1.20 <.0001 1.27

Heart failure <.0001 1.35

CVD .0462 1.16

Hypertension .0007 0.86

Hyperkalemia .0016 1.29 <.0001 1.21

Loop diurecticb <.0001 1.45 <.0001 1.29

Nonloop diureticb .0068 0.77 .0002 0.82

Stage 4/5 Age <.0001 0.98 <.0001 0.95

Diabetes .005 1.28

CVD <.0001 0.65

Hyperkalemia .1966 1.12

Loop diureticb .0061 1.33



chronic kidney disease progression

www.jcponline.com November 2017 • Journal of Clinical Pathways 47

had greater increases in costs over the previous year com-
pared with patients without disease progression, as shown in  
Figure 2; all differences P < .0001. The incremental cost of 
progression was significantly higher at each successive stage 
in both insurance groups, with the exception of progres-
sion from stage 3a compared with progression from stage 
2 in Medicare patients (NS; all other differences P < .001). 
The cost increase with each stage of CKD progression was 
sharper in Commercial than in Medicare patients. The incre-
mental annualized cost of progression ranged from $29,687 

at stage 2 to $67,417 at stage 4-5 in Commercial patients 
compared with $14,451 at stage 2 to $33,273 at stage 4-5 in 
Medicare patients. The cost increases were greater for pro-
gression by > 1 stage compared with progression by 1 stage, 
and in turn, for no progression (Figure 3) (eg, for stage 3a, 
Commercial: $76,823, $27,385, and $7,228, respectively; 
Medicare: $37,403, $12,747, and $4,138). Patients who were 
not prescribed RAASi tended to have greater cost increases 
compared with those prescribed RAASi, which was evident 
at early disease stages regardless of CKD stage progression 

Table 2. Predictors of CKD Stage Progression at 1 Year by Poisson Regression Analysis in the  
Commercial and Medicare Groups (continued)

Nonloop diureticb .0367 0.75 .0029 0.63

RAASi maximumc .0126 0.71

RAASi submaximumc <.0001 0.54

Frequent visitsd .0001 0.68
aSouth region as reference.
bNo diuretic as reference.
cNo RAASi as reference.
dInfrequent (0-1 visit/year) as reference.
Abbreviations: AIRR, adjusted incidence risk ratio; CKD, chronic kidney disease; CVD, cardiovascular disease; RAASi, renin- 
angiotensin-aldosterone system inhibitor.

Figure 3. Mean Incremental Cost Per Patient by Magnitude of CKD Stage Progression Within 1 Year (1 stage vs >1 stage vs  
no progression) in the Commercial Group (A) and Medicare Group (B) 
There is no bar for >1 stage progression in stage 4-5 CKD, because progression to ESRD would reflect 1 stage progression. 
Abbreviations: CKD, chronic kidney disease; ESRD, end-stage renal disease.
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(including those with no progression from their index stage) 
(Supplementary Figure 3).

discussion
This longitudinal observational study demonstrates that the 
rate of CKD progression is highest at stages 3a and 3b, where 
approximately 20% of patients had progressed by 1 year and 
~40% had progressed by 3 years. Poisson regression analysis 
showed that comorbid diabetes, heart failure, cardiovascular 
disease, and—surprisingly—pre-index hyperkalemia were 
significantly associated with progression within the first year. 
Cox proportional hazards modeling of time in CKD stage 
identified diabetes, heart failure, and pre-index hyperkale-
mia among independent factors associated with shorter time 
spent in CKD stages, especially in the early stages. Rates of 
progression were higher in the Commercial group than in the 
Medicare group. Our findings underscore the need to focus 
on avoidable drivers of CKD progression and cost, especially 
in the context of efforts to optimize chronic diabetes, heart 
failure, and hypertension management. The identification of 
pre-index hyperkalemia as a potentially avoidable driver of 
cost (while its association is more difficult to interpret and 
may reflect confounding by severity) provides a straightfor-
ward mechanism by which the treatment of hyperkalemia 
can test causality in future studies.

Our data showed that CKD progression was more com-
mon and more rapid in the Commercial cohort. Younger 
populations tend to have intrinsic renal parenchymal disease 
or glomerular disease, whereas older populations usually have 
kidney disease due to underlying cardiac or vascular disease. 
However, the difference in CKD progression rates between 
the Commercial and Medicare groups may also reflect a se-
lection bias, inasmuch as only patients with 3 years of post-
index data were included in this study. Patients who died 
within the first 3 years were excluded, and the Medicare 
group may have been skewed by the deaths of older patients 
in later CKD stages. 

The rate of CKD progression appears to accelerate from 
stage 2 to stage 4/5. The transition from stage 2 to stage 3a 
may lead to use of angiotensin-converting enzyme inhibitors 
or angiotensin receptor blockers, if not already prescribed.18-21 
Interestingly, RAASi dose level was associated with more 
rapid CKD progression at stage 2 in the present study, and 
was only associated with slower progression in stage 4/5 dis-
ease in the Medicare group. Angiotensin blockade is known 
to increase serum creatinine due to greater dilation of effer-
ent than afferent glomerular arterioles that leads to reduced 
intraglomerular hydrostatic pressure; this effect is seen early 
in the course of treatment and normally stabilizes.22 Further-
more, patients with significant proteinuria may be more like-
ly to receive RAASi but also more likely to progress. 

For an observational study, the longitudinal design pro-
vides a unique approach for evaluating the cost of CKD pro-
gression in a real-world setting, allowing patients to serve as 

their own controls. The incremental cost for the 1-year post-
index period compared with the previous year was higher 
at each successive stage for patients with progression com-
pared with nonprogressed patients. Moreover, cost increases 
were greater for patients with > 1 stage progression compared 
with 1 stage progression. Notably, the cost increases associ-
ated with CKD progression were higher among Commercial 
patients than Medicare patients, likely reflecting differences 
in reimbursement rates and the types of kidney disease within 
a younger population. Costs are well recognized to be high 
for CKD patients with diabetes, heart failure, and previous 
cardiovascular events.23-27 

Additional focus may need to be placed on hyperkale-
mia management. Interestingly, we observed that patients 
prescribed RAASi tended to have lower cost increases than 
those who were not prescribed RAASi, particularly at early 
CKD stages but also among patients with no stage progres-
sion. This observation suggests that use of RAASi in early 
CKD stages may be beneficial not only clinically but also 
economically. The use of RAASi at recommended doses is 
often limited by hyperkalemia,28-30 but recent data suggest 
that correcting hyperkalemia with potassium binder agents 
allows patients to continue receiving RAASi without lower-
ing the dosage.31,32 Furthermore, hyperkalemia is common in 
patients with advanced CKD, reflecting reduced renal excre-
tion of potassium, and has been found to be an independent 
predictor of all-cause mortality and cardiovascular events.33-35 
Notably, in our study the models identified hyperkalemia as 
an independent predictor of CKD progression in stages 2, 3a, 
and 3b, but not in stage 4/5. This may be a function of the 
smaller sample size in the later stages. Furthermore, in the 
advanced CKD stages, patients are likely to have compet-
ing comorbidities, including uncontrolled blood pressure and 
cardiovascular disease; and accordingly, the effect of hyperka-
lemia may get excluded from the multivariate models. 

Several limitations of our study should be noted. First, the 
study required an eGFR measurement or diagnosis code to 
qualify for CKD stage progression. Decreases in eGFR may 
be indicative of other processes besides progression, such as 
acute kidney injury or underlying subclinical disease. Acute 
kidney injury may have a variable effect on serum creatinine 
trajectories and eGFR measurement, and thereby influence 
apparent CKD stage.36 Moreover, CKD stage determined by 
eGFR is known to fluctuate over short time periods.37 How-
ever, the observations of increasing comorbidities, RAASi 
dose levels, and diuretic use are consistent with clinical ex-
pectations for CKD progression, and thus provide some re-
assurance that the eGFR paradigm used herein was largely 
detecting advancing CKD stage. Second, the calculation of 
eGFR varies at different sites; the individual methods used 
were not accessible within the Humedica database. Although 
this may contribute to variation in staging and progression, 
which is typical for a large database analysis, the longitudinal 
design allowed patients to serve as their own controls, such 
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that eGFR calculation likely remained constant for each pa-
tient over time unless their provider system changed methods 
during the study. Third, race/ethnicity was not recorded for 
a large proportion of patients, and patients resided mostly in 
the South and Midwest regions, with limited numbers from 
the West. Therefore, the present data may not be fully repre-
sentative of the entire US CKD population. Finally, as noted 
above, survival bias and selection bias may have influenced 
the results, as only patients with post-index data for 3 years 
were included, thus excluding patients who expired during 
that period.

conclusion
In summary, we confirmed traditional risk factors for CKD 
progression but also identified hyperkalemia as an indepen-
dent risk factor for progression. We showed that the rate and 
cost of CKD progression is potentially greater in younger pa-
tients. These findings underscore the importance of monitor-
ing patients regularly, treating proteinuria and hyperkalemia, 
and potentially devising management protocols for younger 
patients in whom disease may be more rapidly progressive 
than in their older counterparts. More studies are needed 
to better delineate the drivers of progression in the younger 
population as compared to older populations, with specific 
attention paid to the pathophysiological differences between 
these 2 groups. 

Supplementary materials are available with the online ver-
sion of this article at journalofclinicalpathways.com.
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Supplementary Table 1. Definitions of CKD Stage 
and ESRD
Stage Definition

CKD stage 2 ICD-9 code 585.2 or single eGFR of  
60-89 mL/min

CKD stage 3a Single eGFR of 45-59 mL/min

CKD stage 3b Single eGFR of 30-44 mL/min

CKD stage 4 ICD-9 code 585.4 or single eGFR of  
15-29 mL/min

CKD stage 5 ICD-9 code 585.5 or single eGFR of  
11-15 mL/min

ESRD ICD-9 code 585.6 or single eGFR of  
≤ 10 mL/min

Abbreviations: CKD, chronic kidney disease; eGFR, estimated 
glomerular filtration rate; ESRD, end-stage renal disease; ICD-9, 
International Classification of Diseases, Ninth Edition.

Supplementary Materials:

Longitudinal Study of Chronic Kidney  
Disease Progression and Associated Costs
Golestaneh L, Alvarez PJ, Reaven NL, et al. J Clin Pathways. 2017;3(9):40-49, S1-S10.
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Supplementary Figure 1. Flow Chart for Patient Selection
The EMR database of integrated health care delivery systems in the United States comprised patients aged ≥ 5 years with ≥ 2 serum  
potassium results during the study period (2007-2012). Patients for whom stage 3a or 3b could not be determined at index were excluded. 
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; EMR, electronic medical record; ESRD, end-stage 
renal disease.

Supplementary Table 2. Identification of Comorbiditiesa

Comorbidity Definition

Diabetes mellitusb Any occurrence of ICD-9 diagnosis codes 250.xx, 357.2, 362.0x, or 366.41; glycated hemoglobin ≥ 6.5%; or 
any outpatient prescription for a diabetes medication

Heart failure Any occurrence of ICD-9 diagnosis codes 398.91, 402.x1, 404.x3, 425.xx, 428.xx, or V42.1; or a left 
ventricular ejection fraction < 40%

Hypertension Any occurrence of ICD-9 diagnosis codes 362.11, 401.x-405.x, 437.2

Cardiovascular disease Any occurrence of ICD-9 diagnosis codes 404.x1, 410-414, 420-421, 423-424, 426-427, 429, 430-438, 
440-444 (except 440.1, 442.1), 447 (except 447.3), 451-453, 557, 785.0-785.3, V42.2, V43.3, V45.0, V45.81, 
V45.82 and V53.3

Hyperkalemia Single occurrence of serum potassium ≥ 5.1 mEq/L, in any setting of care
aComorbidities were identified by single occurrence of any indicator in pre-stage data using International Classification of Diseases, Ninth 
Edition (ICD-9) diagnosis codes.
bIncludes both type 1 and type 2.

Humedica data	extract
(N=1.7	million)

Inclusion	criteria
First	confirmation	of	new,	sustained,	or	progressive	CKD	at	stage	≥2	or	ESRD	(index	date)
• Preceded	by	≥1	year	of	data	on	patient	interaction	with	health	care	system,	and	followed	by	³3	years	of	data	on	
patient	interaction	with	healthcare	system	with	³2	eGFR readings	separated	by	³90	days	(study	period	2007-2012)

• Patients	re-included	at	each	subsequent	CKD	stage	if	data	extended	for	³3	years	from	the	start	of	that	stage

Preliminary	population
(N=190,752)

Excluded	(N=953)
• Missing	age/gender	data	(n=302)
• Stage	3	at	diagnosis	with	no	
subsequent	qualifying	stage	(n=651)

Patients	included	in	analysis	(N=189,799)
CKD	stages	analyzed	(N=212,920)

Commercial	insurance	(patients	aged	<65	y)
(N=52,280)

Number	of	stages	analyzed
•	1	(N=46,714)
•	2	(N=4857)
•	3	(N=617)
•	4	(N=87)
•	5	(N=5)

Medicare	(patients	aged	³65	y)
(N=137,519)

Number	of	stages	analyzed
•	1	(N=122,448)
•	2	(N=13,534)
•	3	(N=1397)
•	4	(N=139)
•	5	(N=1)
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Supplementary Table 3. Renin-Angiotensin- 
Aldosterone System Inhibitors (RAASi)

RAASi Maximum Recommended Dose

Aliskiren 300 mg

Azilsartan 80 mg

Benazepril 80 mg

Candesartan 32 mg

Captopril 450 mg

Enalapril 40 mg

Eplerenone 100 mg

Eprosartan 800 mg

Fosinopril 40 mg

Irbesartan 300 mg

Lisinopril 40 mg

Losartan 100 mg

Moexipril 30 mg

Olmesartan 40 mg

Perindopril 8 mg

Quinapril 80 mg

Ramipril 10 mg

Spironolactone 200 mg

Telmisartan 80 mg

Trandolapril 8 mg

Valsartan 320 mg

Aliskiren/valsartan formulated as 150 mg/160 mg, which 
contains submaximum doses of 2 RAASi, was considered as a 
submaximum dose.
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Supplementary Figure 2. Mean (SD) Time in Stage for Patients With CKD Progression Within 3 Years in the Commercial 
Group (A) and Medicare Group (B)
By definition, patients who did not progress spent 36 months in the index CKD stage. 
Abbreviations: CKD, chronic kidney disease; SD, standard deviation.
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Supplementary Table 4. Additional Demographic and Clinical Characteristics of the Commercial  
and Medicare Groups

Commercial Group 

CKD stage: Stage 2 Stage 3a Stage 3b Stage 4/5 ESRD Totala

N 40,594 7744 4309 3493 2512 52,280

Region, n (%)

Midwest 17,564 (43) 3496 (45) 1912 (44) 1525 (44) 1033 (41) 22,722 (43)

South 16,856 (42) 3251 (42) 1871 (43) 1516 (43) 1085 (43) 21,875 (42)

Northeast 4085 (10) 637 (8) 314 (7) 244 (7) 254 (10) 5029 (10)

Other/unknown 2089 (5) 360 (5) 212 (5) 208 (6) 140 (6) 2654 (5)

Diuretic prescriptions, n (%)

Loop 3008 (7) 1380 (18) 1177 (27) 1251 (36) 716 (29) 5453 (10)

Other  12,062 (30) 2556 (33) 1212 (28) 626 (18) 143 (6) 14,840 (28)

None 25,524 (63) 3808 (49) 1920 (45) 1616 (46) 1653 (66) 31,987 (61)

RAASi dose level, n (%)

Maximum 3770 (9) 1138 (15) 724 (17) 600 (17) 312 (12) 5509 (11)

Submaximum 10,482 (26) 2505 (32) 1498 (35) 1168 (33) 585 (23) 13,806 (26)

Dose unspecified 1585 (4) 399 (5) 264 (6) 182 (5) 85 (3) 2172 (4)

Discontinued 949 (2) 273 (4) 182 (4) 172 (5) 128 (5) 1412 (3)

None 23,708 (58) 3383 (44) 1618 (38) 1343 (38) 1376 (55) 29,200 (56)

Visit frequency

Infrequent (0-1 visits/y) 5928 (15) 1164 (15) 729 (17) 608 (17) 401 (16) 7974 (15)

Frequent (≥ 2 visits/y) 34,666 (85) 6580 (85) 3580 (83) 2885 (83) 2111 (84) 44,306 (85)

Medicare Group

CKD stage: Stage 2 Stage 3a Stage 3b Stage 4/5 ESRD Totala

N 103,742 24,770 15,417 8654 1685 137,519

Region, n (%)

Midwest 37,225 (36) 10,451 (42) 6748 (44) 3901 (45) 775 (46) 51,865 (38)

South 43,490 (42) 9763 (39) 6056 (39) 3405 (39) 633 (38) 56,862 (41)

Northeast 16,429 (16) 3144 (16) 1783 (12) 880 (10) 195 (12) 20,373 (15)

Other/unknown 6598 (6) 1412 (6) 830 (5) 468 (5) 82 (5) 8419 (6)

Diuretic prescriptions, n (%)

Loop 9193 (9) 4789 (19) 4383 (28) 3504 (40) 608 (36) 17,004 (12)

Other  29,338 (28) 8519 (34) 4892 (32) 1917 (22) 165 (10) 39,732 (29)

None 65,211 (63) 11,462 (46) 6142 (40) 3233 (37) 912 (54) 80,783 (59)

RAASi dose level, n (%)

Maximum 8841 (9) 3369 (14) 2396 (16) 1396 (16) 217 (13) 13,690 (10)

Submaximum 25,708 (25) 8019 (32) 5295 (34) 2873 (33) 424 (25) 36,076 (26)

Dose unspecified 5533 (5) 1891 (8) 1286 (8) 603 (7) 81 (5) 8065 (6)

Discontinued 2375 (2) 926 (4) 647 (4) 411 (5) 96 (6) 3685 (3)

None 60,983 (59) 10,452 (42) 5697 (37) 3311 (38) 859 (51) 75,539 (55)

Visit frequency

Infrequent  
(0-1 visits/y)

11,904 (11) 2925 (12) 1837 (12) 1142 (13) 232 (14) 16,209 (12)

Frequent (≥ 2 visits/y) 91,838 (89) 21,845 (88) 13,580 (88) 7512 (87) 1453 (86) 121,310 (88)
aTotal population represents the number of unique patients and does not equal the sum of Ns by stage, because patients could contribute 
data to more than one CKD stage.
Abbreviations: CKD, chronic kidney disease; ESRD, end-stage renal disease; RAASi, renin-angiotensin-aldosterone system inhibitor. 
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Supplementary Table 5. Cox Proportional Hazards Analysis of Time in CKD Stage in the  
Commercial Group 

CKD Stage Factor HR 95% CI

Stage 2 Male gender 1.142 1.094–1.193

Midwest regiona 1.043 0.997–1.091

Northeast regiona 0.720 0.663–0.783

Diabetes at maximum RAASib 1.574 1.399–1.771

Diabetes at submaximum RAASib 1.568 1.455–1.691

Diabetes at discontinued RAASib 1.403 1.099–1.792

Diabetes at no RAASib 1.815 1.690–1.950

HF without hyperkalemiac 1.663 1.501–1.842

HF with hyperkalemiac 1.169 0.968–1.413

Hyperkalemia without HF and with maximum RAASid 1.328 1.191–1.561

Hyperkalemia without HF and with submaximum RAASid 1.418 1.283–1.568

Hyperkalemia without HF and with discontinued RAASid 1.293 0.914–1.829

Hyperkalemia without HF or RAASid 1.140 1.036–1.255

Hyperkalemia with HF and maximum RAASid 0.934 0.736–1.186

Hyperkalemia with HF and submaximum RAASid 0.997 0.813–1.222

Hyperkalemia with HF and discontinued RAASid 0.909 0.617–1.340

Hyperkalemia with HF and no RAASid 0.802 0.644–0.998

CVDe 1.166 1.107–1.227

Loop diureticf 1.711 1.587–1.843

Non-loop diureticf 1.052 0.998–1.109

Frequent visitsg 0.807 0.761–0.855

Stage 3a Age 0.988 0.983–0.993

Diabetesb 1.421 1.309–1.543

HFc 1.204 1.061–1.367

Hyperkalemiad 1.277 1.166–1.397

Hypertension at maximum RAASih 0.996 0.778–1.275

Hypertension at submaximum RAASih 0.748 0.641–0.874

Hypertension at discontinued RAASih 0.899 0.581–1.391

Hypertension at no RAASih 0.997 0.881–1.128

Loop diureticf 1.555 1.392–1.736

Non-loop diureticf 0.949 0.859–1.049

Frequent visitsg 0.848 0.764–0.942

Stage 3b Age 0.974 0.969–0.980

Diabetesb 1.353 1.221–1.500

Hyperkalemiad 1.220 1.099–1.354

Loop diureticf 1.469 1.308–1.649

Non-loop diureticf 0.848 0.744–0.965

Stage 4/5 Age 0.976 0.970–0.982

Diabetes at maximum RAASib 1.954 1.388–2.751

Diabetes at submaximum RAASib 1.124 0.899–1.405
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Supplementary Table 5. Cox Proportional Hazards Analysis of Time in CKD Stage in the  
Commercial Group (continued)

Diabetes at discontinued RAASib 1.968 1.160–3.338

Diabetes at no RAASib 1.323 1.101–1.590

CVDe 0.645 0.564–0.736

Loop diureticf 1.110 0.959–1.284

Non-loop diureticf 0.648 0.529–0.794

Frequent visitsg 0.807 0.696–0.936
aSouth region as reference.
bNo diabetes as reference (with corresponding RAASi term, if present).
cNo HF as reference (with corresponding hyperkalemia term, if present).
dNo hyperkalemia as reference (with corresponding HF and RAASi terms, if present).
eNo CVD as reference.
fNo diuretic as reference.
gInfrequent (0-1 visit/year) as reference.
hNo hypertension as reference (with corresponding RAASi terms, if present).
Abbreviations: CKD, chronic kidney disease; CVD, cardiovascular disease; HF, heart failure; HR, hazard ratio; RAASi, renin-angiotensin-
aldosterone system inhibitor.
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Supplementary Table 6. Cox Proportional Hazards Analysis of Time in CKD Stage in the Medicare Group 

CKD Stage Factor HR 95% CI

Stage 2 Age 1.042 1.040–1.045

Male gender 1.801 1.751–1.853

Midwest regiona 1.202 1.167–1.238

Northeast regiona 0.735 0.704–0.767

Diabetesb 1.346 1.305–1.388

Hyperkalemia without HFc 1.149 1.100–1.200

Hyperkalemia with HFc 0.972 0.848–1.114

CVDd 1.159 1.125–1.195

RAASi at maximum dosee 1.358 1.298–1.421

RAASi at submaximum dosee 1.162 1.124–1.202

RAASi discontinuede 1.362 1.258–1.476

Loop diureticf 1.632 1.560–1.707

Non-loop diureticf 1.194 1.155–1.234

Frequent visitsg 0.879 0.842–0.917

Stage 3a Age 1.019 1.015–1.022

Male gender 1.061 1.107–1.106

Midwest regiona 1.072 1.025–1.121

Northeast regiona 0.932 0.874–0.994

Diabetesb 1.264 1.210–1.321

HFh 1.227 1.149–1.311

Hyperkalemiac 1.108 1.052–1.166

CVDd 1.062 1.016–1.111

Hypertensioni 0.867 0.825–0.912

RAASi at maximum dosee 1.186 1.112–1.265

RAASi at submaximum dosee 1.100 1.045–1.157

RAASi discontinuede 1.012 0.909–1.128

Loop diureticf 1.323 1.248–1.403

Non-loop diureticf 0.958 0.911–1.009

Stage 3b Diabetesb 1.307 1.234–1.385

HF without hyperkalemiah 1.332 1.217–1.459

HF with hyperkalemiah 0.960 0.846–1.088

Hypertensionh 0.868 0.813–0.927

RAASi at maximum dosee 1.030 0.946–1.122

RAASi at submaximum dosee 0.930 0.869–0.996

RAASi discontinuede 0.908 0.790–1.044

Loop diureticf 1.245 1.157–1.339

Non-loop diureticf 0.874 0.812–0.941

Stage 4/5 Age 0.959 0.950–0.967

Diabetesb 1.262 1.117–1.426

CVDd 0.725 0.644–0.817

RAASi at maximum dosee 0.904 0.766–1.068
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Supplementary Table 6. Cox Proportional Hazards Analysis of Time in CKD Stage in the Medicare Group 
(continued)

RAASi at submaximum dosee 0.602 0.519–0.700

RAASi discontinuede 0.655 0.490–0.876

Loop diureticf 1.192 1.039–1.367

Non-loop diureticf 0.639 0.530–0.769

Frequent visitg 1.307 1.091–1.565

ªSouth region as reference.
bNo diabetes as reference (with corresponding RAASi term, if present).
cNo hyperkalemia as reference (with corresponding HF and RAASi terms, if present).
dNo CVD as reference.
eNo RAASi as reference.
fNo diuretic as reference.
gInfrequent (0-1 visit/year) as reference.
hNo heart failure as reference (with corresponding hyperkalemia term, if present).
iNo hypertension as reference (with corresponding RAASi terms, if present).
Abbreviations: CKD, chronic kidney disease; CVD, cardiovascular disease; HF, heart failure; HR, hazard ratio; RAASi, renin-angiotensin-
aldosterone system inhibitor. 
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Supplementary Figure 3. Difference in Mean Incremental Cost (12 months post-index minus 12 months pre-index) for 
Patients Not Prescribed RAASi Compared With Those Prescribed RAASi (no-RAASi group mean minus RAASi group 
mean) by Magnitude of CKD Stage Progression Within 1 Year (1 stage vs >1-stage vs no progression) in the Commercial 
Group (A) and Medicare Group (B) 
aNo data because there is no higher stage beyond ESRD to which patients can progress. 
Abbreviations: CKD, chronic kidney disease; ESRD, end-stage renal disease; RAASi, renin-angiotensin-aldosterone system inhibitor.
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