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Abstract

Background

Little is known about factors associated with recovery of kidney function—and return to dial-

ysis independence—or temporal trends in recovery after starting outpatient dialysis in the

United States. Understanding the characteristics of individuals who may have the potential

to recover kidney function may promote better recognition of such events. The goal of this

study was to determine factors associated with recovery of kidney function in children com-

pared with adults starting dialysis in the US.

Methods and findings

We determined factors associated with recovery of kidney function—defined as survival and

discontinuation of dialysis for�90-day period—in children versus adults who started mainte-

nance dialysis between 1996 and 2015 according to the United States Renal Data System

(USRDS) followed through 2016 in a retrospective cohort study. We also examined tempo-

ral trends in recovery rates over the last 2 decades in this cohort. Among 1,968,253 individu-

als included for study, the mean age was 62.6 ± 15.8 years, and 44% were female. Overall,

4% of adults (83,302/1,953,881) and 4% of children (547/14,372) starting dialysis in the out-

patient setting recovered kidney function within 1 year. Among those who recovered, the

median time to recovery was 73 days (interquartile range [IQR] 43–131) in adults and 100

days (IQR 56–189) in children. Accounting for the competing risk of death, children were

less likely to recover kidney function compared with adults (sub-hazard ratio [sub-HR] 0.81;

95% CI 0.74–0.89, p-value <0.001; point estimates <1 indicating increased risk for a nega-

tive outcome). Non-Hispanic black (NHB) adults were less likely to recover compared with
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non-Hispanic white (NHW) adults, but these racial differences were not observed in chil-

dren. Of note, a steady increase in the incidence of recovery of kidney function was noted

initially in adults and children between 1996 and 2010, but this trend declined thereafter.

The diagnoses associated with the highest recovery rates of recovery were acute tubular

necrosis (ATN) and acute interstitial nephritis (AIN) in both adults and children, where 25%–

40% of patients recovered kidney function depending on the calendar year of dialysis initia-

tion. Limitations to our study include the potential for residual confounding to be present

given the observational nature of our data.

Conclusions

In this study, we observed that discontinuation of outpatient dialysis due to recovery

occurred in 4% of patients with end-stage kidney disease (ESKD) and was more common

among those with ATN or AIN as the cause of their kidney disease. While recovery rates

rose initially, they declined starting in 2010. Additional studies are needed to understand

how to best recognize and promote recovery in patients whose potential to discontinue dial-

ysis is high in the outpatient setting.

Author summary

Why was this study done?

• Factors that predict a high potential for recovery of kidney function in dialysis patients

are important to identify so that individuals who have the potential for recovery can be

closely followed and their recovery recognized.

• The aim of this study was to determine the likelihood of recovery of kidney function fol-

lowing the start of maintenance dialysis in children and adults.

What did the researchers do and find?

• We found that 4% of children and adults recovered kidney function after starting dialy-

sis, but children were not more likely to recover kidney function compared with adults.

• Recovery rates improved initially over time in both children and adults but began to

decline around 2010 and varied depending on age, race, and cause of kidney disease.

What do these findings mean?

• Discontinuation of outpatient dialysis due to recovery of kidney function was observed

in approximately 4% patients with end-stage kidney disease (ESKD) but was especially

common among those with acute tubular necrosis (ATN) or acute interstitial nephritis

(AIN) as the cause of their kidney disease.

• Additional studies are needed to understand how to best recognize and promote recov-

ery in patients whose potential to discontinue dialysis is high in the outpatient setting.
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Introduction

Patients with acute kidney injury (AKI) in the setting of illnesses or hospitalization may often

require dialysis initiation acutely [1–3]. A substantial proportion of these patients will survive

their initial hospitalizations and be discharged to the outpatient setting with continued dialysis

requirement [4–7]. However, subsets of these outpatients may have the potential to recover

sufficient kidney function to eventually discontinue maintenance dialysis. Prior studies have

reported that approximately 40% of patients who started dialysis after AKI and continued out-

patient dialysis following hospital discharge had adequate recovery within 1 year [8]. Even in

patients with progressive chronic kidney disease (CKD) who do not appear to suffer any acute

insults prior to dialysis initiation, the decision to start dialysis may be based on factors that are

not permanent (such as poor adherence to dietary restrictions or unreliable transportation to

providers for close monitoring), so that even patients not thought to have an acute deteriora-

tion in kidney function may recover enough residual kidney function to maintain homeostasis

and discontinue dialysis despite disease that was deemed consistent with end-stage kidney dis-

ease (ESKD) [9].

Given the growing incentives to shorten length of hospitalizations [10] and payer policy

changes over the last decade surrounding AKI and ESKD care [11,12], temporal changes in

renal recovery rates in the outpatient dialysis population have likely occurred [11,13]. In addi-

tion, the trend toward initiation of dialysis at progressively higher estimated glomerular filtra-

tion rate (eGFR; and potentially before dialysis is absolutely indicated) over the last 2 decades

in the United States [14–17] may have led to a phenomenon in which subsets of patients who

start dialysis subsequently “recover” from dialysis dependency; this phenomenon may also

affect patients with dialysis-requiring AKI. The trend toward earlier dialysis initiation has

been observed despite the publication of a large landmark trial in 2010 which demonstrated no

survival benefit from earlier initiation of dialysis [14]. However, aside from single-center stud-

ies focused primarily on adult patients [3,18,19], the prevalence and predictors of recovery of

kidney function after outpatient dialysis initiation for adults and children have not been well

described on a national level.

The objective of this study was to determine the characteristics of adults (18 years or older)

or children (<18 years) who recovered sufficient kidney function to discontinue dialysis for at

least 90 days after starting outpatient maintenance dialysis treatment according to the United

States Renal Data System (USRDS), the national ESKD registry that captures all patients

undergoing maintenance dialysis in the US. We also examined temporal trends in the discon-

tinuation of maintenance dialysis over time and compared these trends in adults and children.

We chose to include both adults and children to enhance our understanding of how differ-

ences in disease etiology, practice patterns, and the competing risk of death (which is rare in

children with ESKD) may be associated with the likelihood of discontinuing maintenance dial-

ysis within 1 year of therapy initiation in outpatient facilities.

Methods

Study population and data source

We performed a retrospective study of all persons who started outpatient dialysis between Jan-

uary 1, 1996 and December 31, 2015 using data from the USRDS, the national ESKD registry.

Demographic characteristics, the attributed cause of ESKD, insurance, zip code, date of ESKD

onset, and race and ethnicity (categorized as non-Hispanic white [NHW], Hispanic, non-His-

panic black [NHB], Asian, or other) at incident ESKD were abstracted from the Centers for

Medicare & Medicaid Services 2728 (CMS-2728) Medical Evidence Form (MEDEVID) and
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PATIENTS file in the USRDS. Zip code was used to determine median household income of

patients’ neighborhoods using values from the American Community Survey between 2006

and 2010 [20]. Initial ESKD treatment modality (peritoneal dialysis versus hemodialysis) was

determined at the first ESKD service date according to the RXHIST (treatment history) file.

We examined the temporal relation between calendar year of dialysis initiation and recovery

of kidney function using cubic splines.

Definition of recovery and discontinuation of maintenance dialysis

Patients are registered within the USRDS after provider certification of their ESKD status via

submission of the CMS-2728 MEDEVID file which is required within 45 days of dialysis initia-

tion. The RXHIST file amalgamates data from Medicare Claims, CROWNWeb (a data man-

agement system through which Medicare-certified dialysis facilities report metrics to CMS),

the CMS-2728 form, the CMS Death Notification Form, and the Organ Procurement Trans-

plant Network Transplant files to update treatment status sequentially over time [21]. We used

the RXHIST files to ascertain the initial ESKD treatment modality, date of chronic dialysis ini-

tiation, and changes in treatment modality including cessation of dialysis. Any patient who

had a CMS-2728 form completed was eligible for inclusion for study.

Patients were considered to have recovered kidney function if they met all of the following:

(1) they were noted to have recovered kidney function according to the RXHIST file and did

not have an episode of restarting dialysis within 90 days of the date of recovery; (2) the patient

did not die within 90 days of stopping dialysis treatment (and potentially withdraw from dialy-

sis therapy); and (3) the patient did not receive a kidney transplant within 90 days of stopping

dialysis. A 90-day dialysis-free period was required for recovery to remain consistent with defi-

nitions according to the USRDS (which also requires a 90-day period of dialysis independence)

[21]. Patients who received a transplant at any time were censored, since even if recovery of

kidney function occurred following kidney transplantation, it would be difficult to distinguish

native kidney function from allograft function.

Follow-up began at the first episode of dialysis initiation according to the RXHIST file (and

did not require a prespecified duration of dialysis for inclusion in our study) and ended at the

date of renal recovery, death, 365 days following dialysis initiation, or administrative censoring

date (December 31, 2016). We chose to focus on kidney recovery that occurred within 1 year

of outpatient dialysis initiation as rates of recovery of kidney function thereafter were low.

However, in sensitivity analyses, we also examined predictors of the outcome of recovery at

any time during study follow-up.

Predictors of recovery of kidney function

We first examined the characteristics of patients who recovered kidney function in children com-

pared with adults. Characteristics of interest included age (as a 6-category variable), sex, race,

insurance type, primary cause of ESKD, median neighborhood income, initial outpatient treat-

ment modality (hemodialysis or peritoneal dialysis), calendar period (divided into 5-year inter-

vals), region of the US (West, Northeast, South, and Midwest), and median neighborhood income.

Next, we used Fine and Gray models to examine the predictors of recovery of kidney func-

tion including candidate variables listed above in both univariable and multivariable analyses.

Multivariable models included the covariates listed above and comorbid conditions including

coronary artery disease, malignancy, heart failure, hypertension, diabetes, peripheral vascular

disease, stroke, tobacco use, and drug use as reported on the CMS-2728 form. In these models,

time was started from the first outpatient dialysis treatment session (and we did not require

that patients have at least 90 days of dialysis to be included for study), death was treated as a
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competing event, and follow-up was censored at transplantation or administratively at 1 year

after the first outpatient dialysis treatment. Of note, hazard ratios<1 in these models indicate

a negative outcome (lower likelihood of recovery of kidney function) in this study. For these

models, we included both adults and children in the same model so that comparisons could be

made across the entire age spectrum. We also compared children (<18 years) and adults (18

years or older) as a 2-category predictor to determine the overall risk of recovery in univariable

and multivariable analysis, adjusted for the same covariates as described above.

Next, we tested for differences in the associations between various characteristics and hazard

of recovery in children versus adults by testing for interaction between sex, race, cause of kidney

disease, initial treatment modality, insurance type, median income, calendar year of dialysis ini-

tiation, and region of the US with age at the time of dialysis initiation (<18 years versus�18

years) in unadjusted models. For factors where we found statistically significant interactions

(p< 0.05), we then repeated our Fine and Gray analyses stratified by whether the patient was a

child or adult at the time of dialysis initiation to understand how these factors differed among

these populations in their association with recovery. We did not test for interactions between

comorbidities given the low prevalence of comorbid conditions in the pediatric population.

Subgroup analyses among diagnoses with high rates of recovery of kidney

function

We identified the attributed causes of ESKD with the highest rates of recovery of kidney func-

tion for children and for adults. For each of these diagnoses, we determined the median time

to recovery in children and adults separately among those who recovered kidney function and

also the proportion who recovered at 30, 90, and 180 days of follow-up.

Temporal trends in recovery of kidney function

To examine temporal trends in recovery of kidney function, we modeled time as a cubic spline

with knots at 2000, 2004, 2008, and 2012 in linear regression models where the outcome was

the average proportion of patients who recovered within 1 year of starting dialysis. We per-

formed these analyses separately for children and adults and for patients with ESKD attributed

to either acute tubular necrosis (ATN) or acute interstitial nephritis (AIN) which were the 2

diagnoses with the highest recovery rates in children and adults.

Next, we repeated our linear regression models with time as a cubic spline and recovery as

the outcome, but stratified our models by whether the patient started dialysis early (�10 mL/

min/1.73 m2) versus late (<10 mL/min/1.73 m2) in adults and children separately. We deter-

mined the eGFR at dialysis initiation using the creatinine-based CKD-EPI equation in adults

[22] and Schwartz equation [23] in children. Serum creatinine is routinely reported on the

CMS-2728 form, which asks providers to certify the latest creatinine value within 45 days prior

to the most recent episode of dialysis initiation. For eGFR determination, any serum creatinine

reported more than 7 days after dialysis initiation was set as missing.

The University of California San Francisco Institutional Review Board considers this study

not human subjects research and waived the requirement for ethical approval. Analyses were

conducted in STATA 16 (Stata, Texas, US) and verified by a separate analyst using SAS 9.4

(SAS Institute, North Carolina, US) using USRDS data which authors had full access to and

which is available to the public at https://www.usrds.org/for-researchers/simple-data-requests/

. Due to extended run times for some analyses, we used a computationally more efficient

method to perform the competing risks analyses. This consists of preprocessing the data, cal-

culating time-dependent weights, and using standard Cox proportional hazards routines that

incorporate the weights [24,25].
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Our analytic plan was specified a priori during a meeting between coauthors with the goal

of examining differences in recovery of kidney function within 1 year of starting dialysis in

adults and children. Spline-based analyses to examine temporal trends in recovery of kidney

function were added after completion of the main analyses given the recognition that these

associations may have changed over time. Originally, the analytic plan was to only examine

recovery of kidney function within 1 year of dialysis initiation, but at the request of reviewers

during revision, we extended follow-up for recovery to the end of the study period and added

this as an additional analysis. This study is reported as per the Strengthening the Reporting of

Observational Studies in Epidemiology (STROBE) guidelines (S1 Checklist).

Results

Predictors of recovery of kidney function in adults and children

We identified 1,953,881 adults who started outpatient dialysis between 1996 and 2015. Overall,

the mean age of the adult cohort was 63 ± 15.2 years, 44% were women, 28% were NHB, and 13%

were Hispanic. Of these patients, 83,302 (4.3%) recovered sufficient kidney function and were

able to gain independence from dialysis within a 1-year period, and an additional 12,360 (0.6%)

individuals recovered sufficient kidney function to stop dialysis during longer term follow-up

through the end of study. Among those recovering, the median time to recovery of kidney func-

tion in the adult cohort was 73 days (interquartile range [IQR] 43 to 132). Approximately 22%

died (N = 439,552) prior to recovery of kidney function within a 1-year period.

We identified 14,372 children who started dialysis between 1996 and 2015. Overall, the

mean age of the pediatric cohort was 10.3 ± 5.9 years, 45% were girls, 25% were NHB, and 27%

were Hispanic. Of these patients, 547 (3.8%) recovered sufficient kidney function and gained

independence from dialysis within a 1-year period. Approximately 4% of children died

(N = 586) prior to recovery of kidney function within a 1-year period. The median time to

recovery of kidney function in the pediatric cohort was 100 [IQR 56 to 189] days if recovery

occurred.

Within 3 months of dialysis initiation, 5.8% of children (N = 831) and 0.5% of adults

(N = 8,790) received kidney transplantation. Within 1 year of dialysis initiation, 30.3% of chil-

dren (N = 4,350) and 2.4% of adults (N = 47,201) received kidney transplantation. Approxi-

mately 71% (N = 1,384,412) of adults and 62% of children (N = 8,889) were censored

administratively as they did not reach any end point of interest by 1 year of follow-up. The pro-

portion of children and adults who recovered within various timeframes are shown in S1 Fig.

Characteristics of adults and children who recovered kidney function are shown in Table 1.

Qualitatively, a greater proportion of the adults who recovered were younger, more likely to be

NHW, male, and more likely to have started outpatient therapy with hemodialysis (versus peri-

toneal dialysis) than those who did not recover kidney function. Qualitatively, a greater pro-

portion of the children who recovered were also younger, but more likely to be of NHB or

other race, and female (Table 1). Although starting hemodialysis as the initial treatment

modality was also associated with more recovery than starting with peritoneal dialysis in chil-

dren, a higher proportion of children starting outpatient peritoneal dialysis (3.5%, N = 243)

recovered kidney function compared with adults (1.4%, N = 2,115, Table 1).

Subgroup analyses among diagnoses with high rates of recovery of kidney

function

The attributed causes of kidney disease with the highest incidence of recovery among adults

were AIN (33%, N = 1,381) and ATN (29%, N = 14,380, Table 1). In adults with these
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Table 1. Characteristics of patients who were included and who recovered kidney function after starting outpatient dialysis.

Adults Children

Characteristic Number of dialysis

patients who recovered

kidney function

(N)

Total number of

incident dialysis

patients

(N)

Proportion

recovered (Row

%)

Number of dialysis

patients who recovered

kidney function

(N)

Total number of

incident dialysis

patients

(N)

Proportion

recovered (Row

%)

Overall 83,302 1,953,881 4.3 547 14,372 3.8

Age category

0–<5 years – – – 175 3,310 5.3

5–<13 years – – – 125 4,058 3.1

13–<18 years – – – 247 7,004 3.5

18–<30 years 2,832 52,460 5.4 – – –

30–<65 years 40,790 918,902 4.4 – – –

65 years+ 39,680 982,519 4 – – –

Male 48,689 1,085,926 4.5 239 7,859 3

Female 34,613 867,956 4 308 6,513 4.7

Race

NHW 57,768 1,057,162 5.5 249 6,059 4.1

NHB 15,141 549,955 2.8 158 3,632 4.4

Hispanic 7,953 247,135 3.2 105 3,887 2.7

Asian 1,486 61,731 2.4 15 436 3.4

Other 954 37,898 2.5 20 358 5.6

Primary cause of kidney

disease

ATN 14,380 49,072 29.3 54 308 17.5

AIN 1,381 4,214 32.8 <11 14 –��

Glomerulonephritis 8,714 177,707 4.9 278 5,341 5.2

Diabetes 22,210 889,451 2.5 <11 80 –��

Hypertension 19,001 562,462 3.4 14 462 3

Urologic/cystic 1,746 68,183 2.6 20 1,292 1.6

Etiology unknown 4,723 67,132 7 22 1,030 2.1

Other/missing 11,147 135,660 8.2 153 5,845 2.6

Insurance

None 423 11,257 3.8 <11 174 –

Medicaid/Medicare 40,040 984,387 4.1 245 6,933 3.5

Other/private 42,764 956,535 4.5 301 7,245 4.2

Missing 75 1,702 4.4 0 20 0

Calendar year of start

1996–2000 10,817 401,502 2.7 116 3,491 3.3

2001–2005 18,216 478,509 3.8 152 3,886 3.9

2006–2010 28,280 525,682 5.4 168 3,697 4.5

2011–2015 25,989 548,188 4.7 111 3,298 3.4

Initial treatment

modality

Hemodialysis 81,187 1,801,543 4.5 304 7,326 4.2

Peritoneal dialysis 2,115 152,274 1.4 243 7,043 3.5

�� Omitted when N is very low in accordance with USRDS publication policies.

AIN, acute interstitial nephritis; ATN, acute tubular necrosis; NHB, non-Hispanic black; NHW, non-Hispanic white; USRDS, United States Renal Data System.

https://doi.org/10.1371/journal.pmed.1003546.t001
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diagnoses, the median time to recovery among those who recovered were 49 [IQR 31 to 83]

and 58 [IQR 36 to 98] days, respectively.

The attributed causes of kidney disease among children with the highest incidence of recov-

ery were ATN (18%, N = 54), AIN (N<11) followed by glomerulonephritis (5%, N = 278,

Table 1). The median time to recovery among those who recovered with these diagnoses were

136 days [IQR 48 to 229], 32 days [IQR 17 to 46], and 93 days [IQR 51 to 176], respectively.

Predictors of recovery in adults versus children

Overall, after accounting for the competing risk of death, children were less likely to recover com-

pared with adults (unadjusted analyses: sub-hazard ratio [sub-HR] 0.95; 95% CI 0.87 to 1.03;

p = 0.24; adjusted analyses: sub-HR 0.81 [95% CI 0.74 to 0.89]; p< 0.001). Considering the full

age spectrum, recovery was more likely to occur in the 0- to<5-year-old age groups (sub-HR

1.04; 95% CI 0.88 to 1.23, p = 0.64), although this did not reach statistical significance, and less

likely in the 5- to<13-year-old (sub-HR 0.63; 95% CI 0.52 to 0.76, p< 0.001) and 13- to

<18-year-old age groups (sub-HR 0.64; 95% CI 0.56 to 0.73, p< 0.001) in adjusted analyses

(Table 2). Female sex (sub-HR 0.98; 95% CI 0.96 to 0.99, p< 0.001), NHB (sub-HR 0.52; 95% CI

0.51 to 0.53, p< 0.001), and Hispanic groups (sub-HR 0.66;95% CI 0.64 to 0.67; p< 0.001), those

starting treatment with peritoneal dialysis (sub-HR 0.34; 95% CI 0.32 to 0.35, p< 0.001), those

with urologic/cystic/congenital causes of kidney disease (sub-HR 0.08; 95% CI 0.08 to 0.09,

p< 0.001) or diabetes (sub-HR 0.09; 95% CI 0.09 to 0.10, p< 0.001), and residence in the North-

eastern part of the US (sub-HR 0.72; 95% CI 0.70 to 0.74, p< 0.001) were predictors associated

with lower recovery rates in the overall population in multivariable models (Table 2). Similar find-

ings were noted in sensitivity analyses when we extended follow-up to end of the study (S1 Table).

However, some predictors of recovery differed in adults and children (presence of an inter-

action was detected) as shown in Table 3. Whereas women had a lower hazard of recovery

than men (sub-HR 0.97; 95% CI 0.96 to 0.99, p< 0.001), girls had higher hazard of recovery

than boys (sub-HR 1.47; 95% CI 1.22 to 1.76, p< 0.001; Table 2). Although NHB adults were

less likely to recover kidney function than NHW adults (sub-HR 0.52; 95% CI 0.51 to 0.53,

p< 0.001), there was no statistically significant difference between the recovery rates in NHB

and NHW children (sub-HR 1.00; 95% CI 0.79 to 1.27, p = 0.98). Starting outpatient dialysis

with peritoneal dialysis was associated with lower hazard of recovery compared with hemodi-

alysis in both children and adults, but the effect size was more pronounced in adults (sub-HR

0.33; 95% CI 0.31 to 0.34, p< 0.001) compared with children (sub-HR 0.65; 95% CI 0.54 to

0.79, p< 0.001). Similar findings were noted when the outcome of recovery was followed until

the end of the study (S2 Table).

Temporal trends in recovery of kidney function in adults versus children

When we examined temporal trends in the recovery of kidney function among adults, recov-

ery of kidney function was noted to peak qualitatively in 2010 and began to decline in the last

5-year calendar period (Fig 1A). In children, similar trends were noted qualitatively, but the

magnitude of the improvement in recovery rates prior to 2010 was qualitatively less pro-

nounced than that observed in adults (Fig 1B).

When we examined temporal trends in recovery of kidney function among adult and pedi-

atric patients with a diagnosis of ATN (Fig 1C), trends were qualitatively similar to that

observed in the overall cohort (Fig 1A and 1B), but at the peak rate of recovery around 2009,

36% (N = 1,370 out of 3,786) of patients were recovering kidney function within 1 year of start-

ing dialysis. In AIN, rates of recovery exceeded 40% (N = 135 out of 312) around 2010 and

then began to decline thereafter as seen qualitatively in Fig 1D.
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Table 2. Unadjusted and adjusted� Fine and Gray models for time to recovery from maintenance dialysis within 1 year of ESKD onset and effect modification by

age (child [<18 years] versus adult [�18 years]) at time of ESKD onset.

Sub-HR (95% CI) Univariable model p-value Multivariable model p-value

Age category (years)

0–<5 0.99 (0.85–1.15) 0.86 1.04 (0.88–1.23) 0.64

5–<13 0.60 (0.50–0.71) <0.001 0.63 (0.52–0.76) <0.001

13–<18 0.68 (0.60–0.77) <0.001 0.64 (0.56–0.73) <0.001

18–30 Reference Reference

30–65 0.80 (0.77–0.83) <0.001 0.95 (0.92–0.99) 0.02

65+ 0.72 (0.70–0.75) <0.001 0.75 (0.72–0.78) <0.001

Female�� (versus male) 0.89 (0.88–0.90) <0.001 0.98 (0.96–0.99) <0.001

Race��

NHW Reference Reference

NHB 0.50 (0.49–0.50) <0.001 0.52 (0.51–0.53) <0.001

Hispanic 0.58 (0.57–0.59) <0.001 0.66 (0.64–0.67) <0.001

Asian 0.43 (0.41–0.46) <0.001 0.52 (0.49–0.55) <0.001

Other 0.46 (0.43–0.49) <0.001 0.54 (0.50–0.57) <0.001

Primary cause of kidney disease��

ATN Reference Reference

AIN 1.18 (1.11–1.25) <0.001 1.18 (1.11–1.25) <0.001

Glomerulonephritis 0.14 (0.14–0.15) <0.001 0.18 (0.17–0.18) <0.001

Diabetes 0.07 (0.07–0.07) <0.001 0.09 (0.09–0.10) <0.001

Hypertension 0.10 (0.10–0.10) <0.001 0.13 (0.13–0.13) <0.001

Urologic/cystic/CAKUT 0.07 (0.07–0.08) <0.001 0.08 (0.08–0.09) <0.001

Etiology unknown 0.21 (0.20–0.21) <0.001 0.24 (0.23–0.24) <0.001

Other/missing 0.24 (0.23–0.25) <0.001 0.26 (0.25–0.27) <0.001

Peritoneal dialysis (versus hemodialysis)�� 0.33 (0.31–0.34) <0.001 0.34 (0.32–0.35) <0.001

Calendar year of start��

1996–2000 Reference Reference

2001–2005 1.42 (1.38–1.45) <0.001 1.37 (1.34–1.40) <0.001

2006–2010 2.02 (1.97–2.06) <0.001 1.90 (1.86–1.94) <0.001

2011–2015 1.77 (1.73–1.81) <0.001 1.75 (1.71–1.79) <0.001

Region of the US

West Reference Reference

Midwest 1.12 (1.09–1.14) <0.001 0.96 (0.94–0.98) 0.001

South 1.06 (1.04–1.08) <0.001 1.10 (1.08–1.12) <0.001

Northeast 0.82 (0.80–0.84) <0.001 0.72 (0.70–0.74) <0.001

Median income (per US$) 1.00 (1.00–1.00) <0.001 1.00 (1.00–1.00) 0.02

Insurance

None Reference Reference

Medicaid/Medicare 1.09 (0.99–1.20) 0.07 1.04 (0.94–1.14) 0.49

Private 1.21 (1.10–1.34) <0.001 1.08 (0.98–1.19) 0.11

� Multivariable models are adjusted for age, sex, race, cause of kidney disease, dialysis modality, calendar year of dialysis initiation, region of the US, median

neighborhood income, insurance, coronary artery disease, malignancy, heart failure, diabetes, hypertension, peripheral vascular disease, stroke, drug use, tobacco use,

and account for the competing risk of death.

�� Presence of an interaction (p < 0.05) between the factor of interest and age group (adult versus child).

We included N = 1,968,253 in univariable models and N = 1,933,687 in multivariable adjusted� models due to missing covariates.

AIN, acute interstitial nephritis; ATN, acute tubular necrosis; CAKUT, congenital anomalies of the kidney and urinary tract; ESKD, end-stage kidney disease; NHB,

non-Hispanic black; NHW, non-Hispanic white; sub-HR, sub-hazard ratio.

https://doi.org/10.1371/journal.pmed.1003546.t002
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Trends in recovery of kidney function were statistically significantly different in adults

(sub-HR 1.90; 95% CI 1.86 to 1.95, p< 0.001) versus children (sub-HR 1.49; 95% CI 1.15 to

1.92, p = 0.002) in the 2006 to 2010 period (Table 3) as well as in the 2011 to 2015 period (sub-

HR 1.75; 95% CI 1.71 to 1.79, p< 0.001 in adults versus sub-HR 1.05; 95% CI 0.80 to 1.38,

p = 0.73 in children). In particular, children in the most recent 5-year period (2011 to 2015)

did not have a statistically significantly higher hazard of recovery of kidney function (sub-HR

1.05; 95% CI 0.80 to 1.38; p = 0.73) compared with children starting dialysis between 1996 and

2000 (the reference comparator).

Table 3. Unadjusted and adjusted� Fine and Gray models for time to recovery from maintenance dialysis within 1 year of ESKD onset with a focus on factors that

differed between children and adults.

Sub-HR (95% CI) Univariable model

Adults

Multivariable model�

Adults

p-value$ Univariable model

Children

Multivariable model�

Children

p-value$

Age category (years)

0–<5 – – – 1.51 (1.24–1.83) 1.91 (1.50–2.44) <0.001

5–<13 – – – 0.88 (0.70–1.08) 1.03 (0.82–1.30) 0.81

13–<18 – – – Reference Reference

18–30 Reference Reference – –

30–65 0.80 (0.77–0.83) 0.95 (0.91–0.99) 0.02 – –

65+ 0.72 (0.70–0.75) 0.74 (0.71–0.78) <0.001 – –

Female (versus male) 0.89 (0.87–0.90) 0.97 (0.96–0.99) <0.001 1.57 (1.33–1.86) 1.47 (1.22–1.76) <0.001

Race

NHW Reference Reference Reference Reference

Black 0.49 (0.48–0.50) 0.52 (0.51–0.53) <0.001 1.06 (0.87–1.29) 1.00 (0.79–1.27) 0.98

Hispanic 0.58 (0.57–0.59) 0.66 (0.64–0.67) <0.001 0.65 (0.52–0.82) 0.67 (0.52–0.86) 0.002

Asian 0.43 (0.41–0.46) 0.52 (0.49–0.55) <0.001 0.83 (0.50–1.40) 0.72 (0.41–1.27) 0.26

Other 0.45 (0.42–0.48) 0.53 (0.50–0.57) <0.001 1.37 (0.87–2.16) 1.43 (0.88–2.33) 0.15

Primary cause of kidney disease

ATN Reference Reference Reference Reference

Glomerulonephritis 0.14 (0.14–0.15) 0.18 (0.17–0.18) <0.001 0.28 (0.21–0.37) 0.43 (0.30–0.61) <0.001

AIN 1.18 (1.11–1.24) 1.18 (1.11–1.25) <0.001 0.86 (0.20–3.79) 1.49 (0.31–7.19) 0.62

Diabetes 0.07 (0.07–0.07) 0.09 (0.09–0.10) <0.001 0.27 (0.10–0.76) 0.28 (0.09–0.85) 0.03

Hypertension 0.10 (0.10–0.10) 0.13 (0.13–0.13) <0.001 0.16 (0.09–0.29) 0.24 (0.13–0.47) <0.001

Urologic/cystic/CAKUT 0.07 (0.07–0.08) 0.08 (0.08–0.09) <0.001 0.08 (0.05–0.14) 0.11 (0.06–0.19) <0.001

Etiology unknown 0.21 (0.20–0.21) 0.24 (0.23–0.25) <0.001 0.11 (0.07–0.19) 0.16 (0.09–0.29) <0.001

Other/missing 0.24 (0.24–0.25) 0.26 (0.25–0.27) <0.001 0.14 (0.10–0.19) 0.19 (0.13–0.27) <0.001

Peritoneal dialysis (versus hemodialysis) 0.30 (0.29–0.32) 0.33 (0.31–0.34) <0.001 0.82 (0.70–0.98) 0.65 (0.54–0.79) <0.001

Calendar year

1996–2000 Reference Reference Reference Reference Reference

2001–2005 1.42 (1.39–1.45) 1.37 (1.34–1.40) <0.001 1.18 (0.93–1.50) 1.37 (1.05–1.78) 0.02

2006–2010 2.02 (1.98–2.07) 1.90 (1.86–1.95) <0.001 1.37 (1.08–1.73) 1.49 (1.15–1.92) 0.002

2011–2015 1.77 (1.73–1.81) 1.75 (1.71–1.79) <0.001 1.01 (0.78–1.31) 1.05 (0.80–1.38) 0.73

� Multivariable models are adjusted for age, sex, race, cause of kidney disease, dialysis modality, calendar year of dialysis initiation, region of the US, median

neighborhood income, insurance, coronary artery disease, malignancy, heart failure, diabetes, hypertension, peripheral vascular disease, stroke, drug use, tobacco use,

and account for the competing risk of death.

$ p-values shown are for multivariable models.

We included N = 1,953,881 adults and 14,372 children in univariable analyses. We included N = 1,920,951 adults and N = 12,736 children in multivariable adjusted�

analyses.

AIN, acute interstitial nephritis; ATN, acute tubular necrosis; CAKUT, congenital anomalies of the kidney and urinary tract; ESKD, end-stage kidney disease; NHW,

non-Hispanic white; sub-HR, sub-hazard ratio.

https://doi.org/10.1371/journal.pmed.1003546.t003
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Relation between temporal trends in recovery and timing of dialysis

initiation at higher versus lower eGFR

We further explored qualitatively whether the temporal trends in recovery of kidney function

would differ among those who were started on dialysis at higher versus lower eGFR. As shown

in Fig 2A and 2B, recovery was qualitatively lower in those who had an eGFR <10 mL/min/

1.73 m2 at dialysis initiation compared with those with earlier dialysis initiation (eGFR�10

mL/min/1.73 m2, Fig 2C and 2D). Recovery rates improved initially for adults regardless of

whether they underwent early or late initiation and subsequently declined over time as seen

qualitatively in Fig 2A and 2C. In contrast, recovery rates were stably low for children who

started dialysis late and did not improve as substantially over time compared to children who

started dialysis early as seen qualitatively in Fig 2B and 2D.

Discussion

Many patients who start outpatient dialysis therapy inquire about their chances of discontinu-

ing dialysis over time. However, few studies have focused on understanding the incidence, pre-

dictors, and temporal trends of recovery among patients receiving outpatient dialysis

treatment. In this study, we examined the incidence of recovery of kidney function among per-

sons starting outpatient dialysis treatment over the last 2 decades. We found that overall, 4% of

the population who started outpatient dialysis recovered sufficient kidney function to discon-

tinue maintenance dialysis within 1 year. Recovery rates ranged between 10% and 15% within

the first 30 days of dialysis initiation, but nearly half of patients who recovered kidney function

did so within 90 days after dialysis initiation. Few patients recovered after 180 days of outpa-

tient chronic dialysis. Adults were more likely to recover and become dialysis independent

Fig 1. Temporal trends in recovery of kidney function within 1 year of dialysis. AIN, acute interstitial nephritis; ATN, acute tubular

necrosis.

https://doi.org/10.1371/journal.pmed.1003546.g001
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compared with children, but in both populations, ATN and AIN were associated with the

highest recovery rates, and these recovery rates were as high as 25% to 45% depending on the

calendar year of study. However, rates of recovery differed by etiology of kidney disease.

Although we had hypothesized that children would have better potential for recovery of

kidney function given their lower prevalence of age-related comorbidities and lower likelihood

of long-standing CKD, we found lower rates of recovery in the outpatient setting among chil-

dren compared with adults. Differences in practice patterns among adult and pediatric practi-

tioners may explain the observed differences in the risk of recovery in the adult versus

pediatric population. In pediatrics, there may be a greater tendency to monitor patients with

dialysis-requiring AKI in the inpatient setting for recovery (rather than discharge these

patients to outpatient dialysis units), as it can be logistically challenging to identify outpatient

dialysis units that are willing to treat younger children (outside of large academic centers) [26].

There may also be less pressure to discharge children from inpatient to outpatient care, espe-

cially given the complexities of ESKD care in the outpatient setting and training required for

pediatric caregivers. In addition, a larger proportion of children with ESKD in our cohort

were treated with peritoneal dialysis, which was a risk factor for non-recovery in both the pedi-

atric and adult population. Because peritoneal dialysis catheters may be more difficult to place

and remove than tunneled hemodialysis catheters, providers may be more conservative about

using peritoneal dialysis as a treatment modality unless patients have strong evidence of end-

stage disease. We acknowledge, however, that some pediatric centers do offer peritoneal dialy-

sis as an acute treatment modality in the setting of AKI (which is less common in adult practice

in the US) [27].

We also noted differences in recovery by race in the adult and pediatric populations. In

adults, NHB individuals had a lower probability of recovery compared with NHW individuals,

Fig 2. Temporal trends in recovery in adults versus children stratified by early versus late dialysis initiation. eGFR,

estimated glomerular filtration rate.

https://doi.org/10.1371/journal.pmed.1003546.g002
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but this racial disparity was not observed in children. It is likely that socioeconomic factors

such as access to insurance and routine healthcare prior to ESKD may contribute to these

observations, as children typically have universal healthcare coverage and better access to care

[28, 29]. The steady decrease in recovery of kidney function after 2012 is consistent with policy

clarifications that may have further disincentivized the acceptance of patients with AKI for

dialysis treatment at outpatient facilities between 2012 and 2017. However, the decline in

recovery rates began even prior to the onset of this policy change in 2012, the reasons for

which are unclear.

A steady increase in the number of patients who are receiving dialysis after AKI in the US

population [30] has been noted over time [21]. Given improvements in the survival of patients

with AKI-requiring dialysis to hospital discharge [31], it is possible that this contributed to the

better rates of recovery of kidney function up until 2010 [11]. However, this trend was note-

worthy among those starting dialysis with an eGFR above 10 mL/min/1.73 m2 in both children

and adults. The frequently unpredictable nature of CKD progression may lead some practi-

tioners to conservatively start dialysis early, and a smaller degree of recovery in these patients

may be necessary in order to be able to discontinue dialysis. We do acknowledge that policy

clarifications which emphasized that Medicare patients receiving treatment at outpatient dialy-

sis facilities in the US for AKI would not be reimbursed for their outpatient treatments were

released in 2012 [11,12]. This clarification to Medicare payment policies may have delayed

hospital discharge of inpatients who otherwise were ready for outpatient care while awaiting

recovery of kidney function and could potentially contribute to a decrease in the rate of recov-

ery of kidney function in outpatient facilities thereafter.

Our study has practice and policy implications. First, nephrology providers may need to

consider earlier and more frequent in-person visits at dialysis units, more vigilant assessments

of residual kidney function, and changes in practice patterns (such as avoidance of excessive

ultrafiltration and intradialytic hypotension) for the subset who may recover kidney function

[32–34]. In addition, the frequent pressure to make the determination of whether an individ-

ual has ESKD may lead to misclassification of patients and inappropriate resource utilization,

such as transportation and insurance benefits that may come with the diagnosis of ESKD.

Whether more recent policy changes which now allow for the reimbursement of dialysis provi-

sions for AKI in outpatient facilities have influenced temporal and practice pattern changes

remains to be determined [34].

The strengths of our study include the large size of the national cohort, the contemporary

nature of the data, and the inclusion of a racially and ethnically diverse group of adults and

children. Our follow-up of participants is also longer than most prior studies which have been

primarily single-center studies and may have limited data on the long-term outcomes of

patients after the start of dialysis in the outpatient setting. Limitations include potential errors

in data and missing data from the CMS-2728 forms that may have led to potential misclassifi-

cation of predictors of recovery and lack of data surrounding whether nephrotoxic agents were

used following AKI which may have delayed recovery of kidney function. We lack substantial

data surrounding care of patients prior to dialysis initiation, and we are unable to clearly delin-

eate whether patients had baseline CKD and subsequently developed AKI or the exact nature

of the trajectory of kidney function prior to the initiation of dialysis. We believe our study pop-

ulation includes patients with more severe AKI who continued to require dialysis in the outpa-

tient setting, and thus our results do not generalize to patients who may have developed AKI

and recovered kidney function prior to hospital discharge or to patients in other countries

where dialysis care may differ from that in the US. We also acknowledge that changes to care

of patients with AKI may have occurred with most recent policy changes surrounding reim-

bursement for the dialysis of patients with AKI, which may limit the applicability of our

PLOS MEDICINE AKI recovery in children and adults

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003546 February 19, 2021 13 / 16

https://doi.org/10.1371/journal.pmed.1003546


findings following such policy changes. Finally, given the observational nature of our data,

residual confounding may be present.

In conclusion, we note that recovery of adequate kidney function for discontinuation of

outpatient dialysis occurs in 4% of patients who were noted to have ESKD. Close monitoring

of patients within the first 6 months of dialysis initiation may be prudent, especially among

those with ATN, AIN, or in children, glomerulonephritis. Further studies are needed to under-

stand factors that may improve the chances of recovery of kidney function in the outpatient

setting, and strategies are needed to maximize the potential for recovery.
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34. Cerdá J, Liu KD, Cruz DN, Jaber BL, Koyner JL, Heung M, et al. Promoting Kidney Function Recovery

in Patients with AKI Requiring RRT. Clin J Am Soc Nephrol. 2015. https://doi.org/10.2215/CJN.

01170215 PMID: 26138260

PLOS MEDICINE AKI recovery in children and adults

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003546 February 19, 2021 16 / 16

https://doi.org/10.1053/j.ajkd.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25500361
http://www.psc.isr.umich.edu/dis/census/Features/tract2zip/index.html
http://www.psc.isr.umich.edu/dis/census/Features/tract2zip/index.html
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1056/NEJMoa1114248
http://www.ncbi.nlm.nih.gov/pubmed/22762315
https://doi.org/10.1681/ASN.2008030287
https://doi.org/10.1681/ASN.2008030287
http://www.ncbi.nlm.nih.gov/pubmed/19158356
https://kdigo.org/guidelines/ckd-evaluation-and-management/
https://doi.org/10.1111/j.1541-0420.2010.01420.x
https://doi.org/10.1111/j.1541-0420.2010.01420.x
http://www.ncbi.nlm.nih.gov/pubmed/20377575
https://doi.org/10.1053/j.ajkd.2016.09.023
https://doi.org/10.1053/j.ajkd.2016.09.023
http://www.ncbi.nlm.nih.gov/pubmed/27940060
https://doi.org/10.1007/s40620-019-00606-1
https://doi.org/10.1007/s40620-019-00606-1
http://www.ncbi.nlm.nih.gov/pubmed/30949986
https://doi.org/10.1001/jama.2011.1127
https://doi.org/10.1001/jama.2011.1127
http://www.ncbi.nlm.nih.gov/pubmed/21828325
https://doi.org/10.1159/000358497
http://www.ncbi.nlm.nih.gov/pubmed/24556752
https://doi.org/10.1681/ASN.2012080800
http://www.ncbi.nlm.nih.gov/pubmed/23222124
https://doi.org/10.1159/000445846
http://www.ncbi.nlm.nih.gov/pubmed/27161485
https://doi.org/10.2215/CJN.02290215
https://doi.org/10.2215/CJN.02290215
http://www.ncbi.nlm.nih.gov/pubmed/26220818
https://doi.org/10.1038/ki.2012.451
https://doi.org/10.1038/ki.2012.451
http://www.ncbi.nlm.nih.gov/pubmed/23325077
https://doi.org/10.2215/CJN.01170215
https://doi.org/10.2215/CJN.01170215
http://www.ncbi.nlm.nih.gov/pubmed/26138260
https://doi.org/10.1371/journal.pmed.1003546



