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1  | INTRODUC TION

The first case of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) causing coronavirus disease 2019 (COVID-19) in the United States 

was reported on January 20, 2020.1 Since then, there has been wide-
spread nationwide transmission of SARS-CoV-2, with >550 000 cases 
and 20 000 deaths in the United States as of April 12, 2020.2 Case fatality 
rates (CFRs), ranging from 0.06% to 13.4%,3-7 remain poorly quantified, 
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Clinical decision-making in kidney transplant (KT) during the coronavirus disease 
2019 (COVID-19) pandemic is understandably a conundrum: both candidates and 
recipients may face increased acquisition risks and case fatality rates (CFRs). Given 
our poor understanding of these risks, many centers have paused or reduced KT 
activity, yet data to inform such decisions are lacking. To quantify the benefit/harm 
of KT in this context, we conducted a simulation study of immediate-KT vs delay-
until-after-pandemic for different patient phenotypes under a variety of potential 
COVID-19 scenarios. A calculator was implemented (http://www.trans plant models.
com/covid_sim), and machine learning approaches were used to evaluate the impor-
tant aspects of our modeling. Characteristics of the pandemic (acquisition risk, CFR) 
and length of delay (length of pandemic, waitlist priority when modeling deceased 
donor KT) had greatest influence on benefit/harm. In most scenarios of COVID-19 
dynamics and patient characteristics, immediate KT provided survival benefit; KT 
only began showing evidence of harm in scenarios where CFRs were substantially 
higher for KT recipients (eg, ≥50% fatality) than for waitlist registrants. Our simula-
tions suggest that KT could be beneficial in many centers if local resources allow, and 
our calculator can help identify patients who would benefit most. Furthermore, as 
the pandemic evolves, our calculator can update these predictions.
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but seem highest among the elderly, comorbid, and immunocompro-
mised.4,8-10 This introduces major considerations and uncertainty for 
both kidney transplant (KT) candidates and recipients during the pan-
demic.8,11,12 As such, most centers across the country have either paused 
or reduced both living donor (LDKT) and deceased donor (DDKT) activ-
ity. While centers in areas with the highest COVID-19 incidence have 
tended to be more restrictive in KT practice, many centers in areas with 
lower COVID-19 incidence have also followed suit.13

Decision-making in the setting of this pandemic is understandably 
a conundrum. Transplanting a patient puts them at risk of COVID-19 
during a time of high immunosuppression, with potentially higher fa-
tality from the disease. On the other hand, leaving a patient on dial-
ysis puts them at risk of the usual dialysis mortality. Moreover, both 
waitlist patients and transplant recipients may have unique risks of 
SARS-CoV-2 acquisition; in particular, some dialysis recipients may 
face additional risk due to the need to obtain dialysis, while some 
transplant recipients may face additional risk due to nosocomial trans-
mission at the time of surgery or immunosuppression posttransplant. 
Furthermore, a patient who is 3 years from the top of the waiting list 
might experience an extra benefit by receiving a transplant at a riskier 
time, such as this pandemic, which might offset the risk of waiting 3 
more years once the pandemic has settled, whenever that might occur.

Making decision-making even more difficult is the rapidly evolv-
ing landscape of COVID-19 transmission, detection, disease course, 
and treatment as we learn about the disease in real-time and as the 
pandemic shifts. With no evidence-based algorithms to guide prac-
tice, transplant centers are left to independently assess and mitigate 
risk on their own for their vulnerable patient population. In the face 
of a rapidly changing epidemic, observational data cannot provide 
information about long-term implications of decisions being made in 
real-time. However, a simulation capable of accounting for varying 
patient and disease parameters can inform understanding of the ef-
fect of a delay in KT on patient survival.

To address this need, we built a flexible simulation to model 
waitlist and post-KT mortality in the United States in the context 
of COVID-19, under a variety of hypothetical scenarios. The advan-
tages of our flexible simulation are the following: (1) it can consider 
patient characteristics including priority on the waiting list; (2) it can 
consider aspects of the pandemic specific to the geographic location 
of the transplant center making the decision; and (3) it allows a wide 
range of inputs (including acquisition risks and CFRs specific to can-
didates and recipients) that can evolve as we learn more about the 
disease, or as the geographic landscape of the disease changes. Our 
findings can help to inform decision-making for transplant providers 
and patients during these uncertain times.

2  | METHODS

2.1 | Data source

This study used data from the Scientific Registry of Transplant 
Recipients (SRTR). The SRTR data system includes data on all donor, 

wait-listed candidates, and transplant recipients in the United 
States, submitted by the members of the Organ Procurement and 
Transplantation Network (OPTN), and has been described else-
where.14 The Health Resources and Services Administration, US 
Department of Health and Human Services provides oversight to 
the activities of the OPTN and SRTR contractors. The SRTR data 
system includes a linkage to the Social Security Death Master File 
(SS-DMF) for mortality ascertainment.

2.2 | Waitlist mortality in the absence of COVID-19

To model waitlist mortality in the absence of COVID-19, we stud-
ied 300 441 adult and pediatric kidney waitlist registrants preva-
lently listed any time between January 1, 2013 and June 30, 2019 
using SRTR data. Non-US residents (N = 3513) were excluded due 
to potentially unreliable mortality ascertainment using SS-DMF 
data. Individuals were followed from the later of first active listing 
date or January 1, 2013 until death, waitlist removal, or admin-
istrative censorship on June 30, 2019. Removal from the waitlist 
due to deteriorating condition was treated as equivalent to mor-
tality. Waitlist mortality was modeled using Poisson regression, 
as a function of age at listing (categorized as 0-11, 12-17, 18-29, 
30-39, 40-49, 50-59, 60-69, or ≥70); history of prior transplant; 
history of diabetes; time on dialysis at listing (categorized as non/
preemptive, <1, 1-3, 3-5, or >5 years); race/ethnicity (categorized 
as white, black, Hispanic, Asian, or other); sex (categorized as male 
or female); and primary payer (categorized as private, Medicaid, 
Medicare, other public insurance, or all others). This model was 
used to calculate patient-specific probability of waitlist mortal-
ity per month. We used these models and the model of waitlist 
mortality to calculate overall predicted waitlist and posttransplant 
mortality in the absence of COVID-19, to illustrate predicted risk as 
used for input into the Markov model.

2.3 | Posttransplant mortality in the absence of 
COVID-19

To model posttransplant mortality in the absence of COVID-19, we 
studied 121,641 adult and pediatric living donor kidney transplant 
(LDKT) and deceased-donor kidney transplant (DDKT) recipients be-
tween January 1, 2013 and June 30, 2019 using SRTR data. Non-US 
residents (N = 1624) were excluded as explained above. Individuals 
were followed from date of transplant to death or administrative 
censorship on June 30, 2019. Separately for LDKT and DDKT re-
cipients, posttransplant mortality was modeled using Poisson re-
gression, as a function of time since transplant (categorized as 0-30, 
31-91, 91-182, 182-365 days, 1-3, or 3-5 years) and age at listing, 
history of prior transplant, history of diabetes, time on dialysis at 
listing, race/ethnicity, and primary payer (all categorized as above). 
These models were used to calculate patient-specific probability of 
posttransplant mortality per month.
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2.4 | Parameters of the COVID-19 pandemic

Potential parameters that might affect the survival benefit of 
immediate transplant vs delayed transplant in the context of 
the COVID-19 pandemic include the expected length of delay (if 
transplant is postponed), community risk of SARS-CoV-2 acqui-
sition over time, additional risk in waitlist candidates receiving 
in-center dialysis, nosocomial risk of SARS-CoV-2 acquisition at 
transplant (from the donor or from the hospitalization); and the 
CFRs of SARS-CoV-2 among waitlist registrants and transplant 
recipients. We tested multiple values for these parameters in 
the simulation (Table 1). In particular, the length of delay could 
range from 0 to 60 months. We selected 9 different scenarios 
of community SARS-CoV-2 acquisition risk, from “1” to “high-
sustained” (10% risk per month over the first 12 months, and 
3% per month thereafter). We selected 3 options for additional 
acquisition risk for waitlist registrants: none above community 
risk, 1.5× community risk, or 2× community risk. We selected 3 
options for nosocomial risk at transplant: none, 10% added to 
community risk, or 20% added to community risk. We selected 
5 options for waitlist CFRs, ranging from “low” (comparable to 
age-specific case fatality rates observed in Wuhan, China)15 
to “lethal” (100%), and the same 5 options for posttransplant 
CFRs.

2.5 | Simulation of outcomes in the context of 
COVID-19

To quantify the survival benefit or harm of immediate KT vs 
delay in the context of the COVID-19 epidemic, we simulated 
immediate-transplant and delayed-transplant outcomes using a 
Markov decision process model and probabilities from the mod-
els described above, for each unique patient phenotype that oc-
curred in the 2019 prevalent waitlist population (Figure 1). The 
simulation was run with a 5-year time horizon and 1-month step 
time. Designate survival at month m after transplant as STm (with 
ST0 = 1), survival at month m after delay as SDm (with SD0 = 1), 
probability of waitlist mortality at month m (in absence of COVID-
19) as Wm, probability of posttransplant mortality in absence of 
COVID-19 at month m posttransplant as Tm, community prob-
ability of SARS-CoV-2 acquisition as Cm, additional risk of SARS-
CoV-2 acquisition for waitlist registrants as Cw, nosocomial risk of 
SARS-CoV-2 acquisition through transplantation as Ct, the CFR 
among waitlist registrants as CFRw, and the CFR among trans-
plant recipients as CFRt. We calculated

SDm=SDm − 1×
(

1−W1

)

×
(

1−C1 ×Cw×CFRw

)

ST1 =1×
(

1−T1

)

×
(

1−
(

C1 +Ct

)

×CFRt

)

Parameter Values

Community CoV 
acquisition risk

• None
• “low-limited”: 1% per mo in mo 1-6, 0% thereafter
• “low-sustained”: 1% per mo throughout
• “med-limited”: 5% per mo in mo 1-6, 0% thereafter
• “med-lingering”: 5% per mo in mo 1-6, 1% per mo thereafter
• “med-sustained”: 5% per mo throughout
• “high-limited”: 10% per mo in mo 1-6, 0% thereafter
• “high-lingering”: 10% per mo in mo 1-6, 1% per mo thereafter
• “high-sustained”: 10% per mo in mo 1-12, 3% per mo thereafter

Additional risk on 
waitlist

None, 1.5× community risk, or 2× community risk

Nosocomial risk at 
transplant

None, 10% added to community risk (eg, 1% to >11%), or 20% added to 
community risk. If community risk is zero, nosocomial risk at transplant 
is also zero

Delay of 
transplant

3, 6, 12, 24 mo, or never

Case fatality rates 
(waitlist)

• “low”: 0.5% age 0-11, 0.2% age 12-29, 0.5% age 30-39, 2% age 40-49, 
3% age 50-59, 5% age 60-69, 10% age ≥70

• “medium”: “low” rates +10% (eg, 0.2% to >10.2%)
• “high”: “low” rates +20% (eg, 0.2% to >20.2%)
• “very high”: “low” rates +50% (eg, 0.2% to >50.2%)
• “lethal”: 100%

Case fatality rates 
(posttransplant). 
COVID-19, 
coronavirus 
disease 2019

Same values as case fatality rates (waitlist)

TA B L E  1   COVID-19 epidemic 
parameters in the simulation model. All 
20 250 permutations of these parameters 
were modeled
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when m exceeded the delay of transplant d, we calculated SDm based 
on posttransplant mortality Tm−d instead of waitlist mortality Wm. 
Using SD and ST, separately for each combination of patient covariates 
and COVID-19 epidemic parameters we calculated life-months gained 
due to transplantation over the first 5 years (LMG5). LMG5 in principle 
can vary from −60 to 60; a positive value indicates survival benefit 
from immediate KT while a negative value indicates harm.

2.6 | Determining parameters that drive benefit or 
harm of KT

To characterize the clinical and epidemic scenarios where immedi-
ate KT would confer benefit vs harm, we quantified the association 
of the simulation parameters with the estimated survival benefit, as 
measured in LMG5, using 2 machine learning algorithms. First, to 
produce a high-level, human-readable summary of model output, we 
created a decision tree using the classification and regression trees 
(CART).16 Briefly, CART splits the study population into 2 subgroups 
at a threshold value of a predictor. The threshold value and the pre-
dictor are selected such that the difference in LMG5 between the 
2 subgroups would be maximized. This process is continued recur-
sively, creating a decision tree, until a predefined stopping rule is 
met. The decision tree illustrates what clinical or epidemical factor 
drives benefit or harm of KT in an intuitive way.

In addition, to identify the relative importance of different patient 
characteristics and epidemic parameters in determining benefit/harm 
of KT, we used random forests.17 In random forests, multiple indepen-
dent decision trees (ie, a "forest") are created, with each tree using a 
random bootstrap-resample of the dataset and on a random subset 
of the predictor variables. Each variable's importance is evaluated by 

randomly permuting the values of the variable (hence rendering the 
variable uninformative) and evaluating the decrease in predictive per-
formance compared to that from the original dataset. Variable impor-
tance is presented in relative terms since its scale is irrelevant.

2.7 | Statistical analysis

Confidence intervals are presented as per the method of Louis and 
Zeger.18 Waitlist and posttransplant mortality models and the simula-
tion were constructed using Stata/MP 16.1 (College Station, TX). CART 
and random forests analyses were performed using rpart (Minneapolis, 
MN; v.4.1-15) and ranger (Berlin, Germany; v.0.12.1) on R (v.3.6.3).

3  | RESULTS

3.1 | Waitlist mortality in the absence of COVID-19

Waitlist mortality for a reference waitlist patient (age 50-59, not on 
dialysis, no history of diabetes or prior transplant, white, private in-
surance, male) in the absence of COVID-19 was 0.37% per month or 
4.4% per year (Table 2). Older age, time on dialysis, history of dia-
betes, prior transplant, and public insurance were associated with 
greater risk (all P < .001, Table 2). Nonwhite race/ethnicity was asso-
ciated with decreased risk after adjusting for other candidate char-
acteristics (all P < .01, Table 2).

3.2 | Posttransplant mortality in the absence of 
COVID-19

For a reference patient, mortality risk in the 30 days posttransplant 
was 0.11% (LDKT)/0.41% (DDKT) and declined in subsequent months 

STm=STm − 1×
(

1−T1

)

×
(

1−C1 ∗CFRt

)

for m > 1

F I G U R E  1   State diagram of the Markov model. Patients who select “delay” and survive through n months after the delay transition from 
a “Waitlist” state to a "KT" state. Other state transition probabilities are determined by Markov model parameters and/or Poisson models of 
waitlist and post-KT mortality. CoV, coronavirus 2; KT, kidney transplant [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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(Table 3). Older age, longer time on dialysis, history of diabetes, and 
prior transplant were all associated with greater post-LDKT and post-
DDKT mortality risk (all P < .01) (Table 3). Medicare and Medicaid as 
primary payer were associated with greater post-KT mortality risk (all 
P < .02) (Table 3). Nonwhite race/ethnicity was associated with de-
creased risk after adjusting for other candidate characteristics (Table 3). 
Overall predicted mortality in absence of COVID-19, based on the wait-
list and post-DDKT/post-LDKT models, appears in Figure 2.

3.3 | Outcomes in the context of COVID-19

Across all patient phenotypes and simulation parameters, LMG5 
ranged from −48.4 (KT exceptionally harmful) to 55.0 (KT 

exceptionally beneficial), with median (interquartile range) of 3.8 
(0.1-13.4). LMG5 exceeded 0 (at least some benefit from KT) in 
72.1% of simulations, including 97.4% of simulations in which the 
COVID-19 CFR for KT recipients was less than or equal to the 
CFR for waitlist registrants, and 34.2% of simulations in which the 
COVID-19 CFR for KT recipients was greater than the CFR for 
waitlist registrants. Representative immediate-KT and delayed-KT 

TA B L E  2   Waitlist mortality in absence of COVID-19

Characteristic Hazard ratio

Baseline mortality risk per person-mo 0.360.370.38%

Age (y)

0-11 0.340.450.60

12-19 0.160.230.32

20-29 0.350.380.40

30-39 0.470.490.52

40-49 0.660.680.70

50-59 Reference

60-69 1.471.501.53

70+ 2.192.262.33

Dialysis time

None Reference

<1 y 1.221.261.30

1-2 y 1.481.531.57

3-4 y 1.962.022.09

5+ y 2.652.742.82

History of diabetes 1.741.771.80

Prior transplant 1.281.321.35

Race/ethnicity

White Reference

Asian 0.590.620.64

Black 0.710.720.74

Hispanic 0.670.690.71

Other 0.710.760.81

Payor

Private Reference

Medicare 1.181.231.28

Medicaid 1.111.131.16

Other public 1.121.191.27

Other 1.041.141.25

Sex: female 0.980.991.01

Abbreviation: COVID-19, corona virus disease 2019.

TA B L E  3   Posttransplant mortality in absence of COVID-19

Characteristic
Hazard ratio 
(LDKT)

Hazard ratio 
(DDKT)

Mortality risk per mo

0-30 d post-KT 0.080.110.14% 0.360.410.47%

31-90 d post-KT 0.030.040.05% 0.190.210.24%

91-182 d post-KT 0.020.030.04% 0.140.160.18%

183-365 d post-KT 0.030.040.05% 0.110.130.14%

1-3 y post-KT 0.040.040.05% 0.100.110.13%

3-5 y post-KT 0.060.070.09% 0.160.180.20%

Age (y)

0-11 0.210.390.73 0.290.410.59

12-19 0.160.340.71 0.140.210.32

20-29 0.230.320.45 0.240.290.36

30-39 0.450.570.71 0.350.400.46

40-49 0.450.540.65 0.590.640.70

50-59 Reference Reference

60-69 1.551.772.03 1.531.621.72

70+ 2.002.402.87 2.212.382.57

Dialysis time

None Reference Reference

<1 y 1.221.421.65 1.071.191.32

1-2 y 1.431.651.91 0.971.061.17

3-4 y 1.672.032.47 1.111.221.33

5+ y 2.182.733.42 1.381.511.65

History of diabetes 1.781.992.22 1.641.721.80

Prior transplant 1.371.581.82 1.181.271.36

Race/ethnicity

White Reference Reference

Asian 0.270.380.53 0.530.590.66

Black 0.700.830.97 0.780.830.88

Hispanic 0.420.510.61 0.590.640.69

Other 0.570.891.41 0.710.830.98

Payor

Private Reference Reference

Medicare 1.091.512.08 1.101.251.42

Medicaid 1.221.381.56 1.131.211.29

Other public 0.340.821.98 0.650.811.01

Other 0.450.911.84 0.590.831.18

Sex: female 0.860.961.07 0.810.850.90

Abbreviation: COVID-19, corona virus disease 2019.
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survival curves appear in Figure 3; changing a single parameter may 
be sufficient to change inference from the model. Survival benefit of 
immediate KT was greater when the COVID-19 CFR was increased 
in waitlist registrants (Figure 4A), and less when the COVID-19 CFR 
was increased in transplant recipients (Figure 4B). Increasing the 
community risk of COVID-19 acquisition increased the variance in 
survival benefit (Figure 4C). Changing the additional risk of COVID-
19 for dialysis patients had relatively little effect on survival ben-
efit (Figure 4D). The survival benefit was greater when the length of 
delay was increased; that is, the longer a patient would wait (due to 
factors such as program closure, lack of hospital resources, or in the 
case of DDKT, likely additional wait for another suitable organ offer), 
the more benefit of immediate KT (Figure 4E). The survival benefit 
was slightly higher for older patients (Figure 4F).

3.4 | Determining parameters that drive benefit or 
harm of KT

Our CART analysis suggested that immediate KT continues to 
provide survival benefit in most cases (Figure 5). KT provides the 
greatest survival benefit when the waitlist CFR is “lethal”; com-
munity COVID-19 acquisition risk is “medium” or “high”; the delay 
would last 24 months or more; and the post-KT CFR is “low,” “me-
dium,” or “high” (LMG = 30.1) (CFR/COVID-19 risk parameters in 
Table 1). On the other hand, KT will result in harm only when CFRs 
are substantially higher for KT recipients (eg, 50% or greater) than 
for waitlist registrants (eg, 30% or lower), and community risk of 
COVID-19 acquisition is “medium” or “high.” In this case, KT will 
reduce life-months, either by 5.3 or 12.3 over the 5 years after KT, 
depending on the CFR for KT recipients. Similar to our findings 
from the CART decision tree, our random forests analysis showed 
that waitlist CFR, post-KT CFR, community COVID-19 risk, and 
length of delay had substantially larger variable importance com-
pared to all other variables, which had only minimal importance 
(Table 4).

4  | DISCUSSION

In this simulation based on national data and a variety of scenarios of 
COVID-19 including differences in incidence of the disease, KT pro-
vided survival benefit in most simulated scenarios with the exception 
of those in which the CFR of COVID-19 in KT recipients substantially 
exceeded the CFR for waitlist candidates. Even many scenarios of 
LDKT during the pandemic proved beneficial. Individual risk/benefit 
estimations for patients of different phenotypes in geographies with 
different COVID-19 incidence can be obtained using our risk calcu-
lator at http://www.trans plant models.com/covid_sim. Furthermore, 
as the pandemic evolves in the United States, new estimates can be 
obtained by varying these parameters in our calculator.

Key parameters of our model include community SARS-CoV-2 
acquisition risk, additional risk to waitlist registrants, nosocomial risk 
at time of KT, and CFRs. The true values of these parameters will 
vary substantially over time and place. Unfortunately, in the absence 
of adequate community testing and testing of waitlist and transplant 
populations in particular, these parameters will remain unknown. 
Research is urgently needed to quantify COVID 19–related risk in 
transplant populations. However, our models suggest that under a 
wide range of assumptions, KT continues to provide survival benefit 
unless CFRs for transplant recipients are unrealistically high (gen-
erally, above 50%). Moreover, as new research emerges, the flex-
ibility of our model allows researchers to select parameter values 
accordingly.

Our model estimates benefit or harm of LDKT and DDKT to KT 
candidates in the context of COVID-19. Under most scenarios, we 
demonstrate substantial benefit to the recipient following LDKT. 
Our model does not account for risk to living kidney donors, who 
may also be at increased risk due to COVID-19. Providers and pa-
tients should carefully consider the potential risks, while acknowl-
edging that living organ donors already voluntarily accept increased 
risk in hopes of providing a benefit to the transplant recipients.

Our study must be understood in the context of its limitations. 
A simulation study relies on accurate inputs for accurate inference. 

F I G U R E  2   Overall predicted waitlist and post-DDKT/post-LDKT mortality in absence of COVID-19, based on Poisson regressions used 
for input to the Markov model. COVID-19, corona virus disease 2019; DDKT, deceased donor kidney transplant; LDKT, living donor kidney 
transplant [Color figure can be viewed at wileyonlinelibrary.com]

http://www.transplantmodels.com/covid_sim
www.wileyonlinelibrary.com
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F I G U R E  3   Examples of simulated survival curves for immediate DDKT vs delay. A, White male patient, private insurance, age 20-29, 
1-2 y on dialysis, no DM, no prior KT. Community COVID-19 acquisition risk is “medium-lingering,” acquisition risk is 50% higher for dialysis 
patients, and probability of nosocomial acquisition at KT is 10%; “medium” waitlist and post-KT CFR; 6-mo delay. A, “Medium” waitlist and 
post-KT CFR, 6-mo delay. B, Like (A) except 24-mo delay. C, Like (A) except “high” waitlist CFR. D, Like (A) except “very high” post-KT CFR. E, 
Like (A) except community COVID-19 acquisition risk is “high-lingering.” F, Like (A) except age 70+. CFR, case fatality rate; COVID-19, corona 
virus disease 2019; DDKT, deceased donor kidney transplant; DM, diabetes mellitus; KT, kidney transplant [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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We developed our waitlist and posttransplant mortality models 
using national registry data, and overall event rates and risk factors 
are consistent with numerous prior reports.19-23 Nevertheless, any 
estimation error from these models will influence our inferences. It 
is also possible that hospitals overwhelmed with COVID-19 patients 

will be less able to evaluate and treat post-KT complications; while 
we could not model this directly, parameters in our calculator can 
be varied to account for potentially increased mortality resulting 
from this secondary effect. Similarly, while we did not directly model 
nuances such as how well the recipient has been practicing social 

F I G U R E  4   Distribution of life-months gained over 5 years from immediate vs delayed KT: effect of varying a single parameter. All 
distributions are for a white male patient with private insurance and no prior KT. CoV, coronavirus 2; COVID-19, coronavirus disease 2019; 
KT, kidney transplant [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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distancing, these can also be accounted for by varying parameters 
in our calculator.

Finally, our model strongly depends on parameters of the COVID-
19 pandemic about which very little is currently known: CFRs of 
COVID-19 acquisition in waitlist registrants and KT recipients, and 
future risk of COVID-19 transmission. Our ability to quantify these 
will no doubt evolve, particularly as testing becomes more wide-
spread. To address this, we developed our model to accommodate 
a wide variety of possible scenarios, and we will continue to update 
the online calculator if future research indicates scenarios beyond 
the range that we considered. Nevertheless, the fact that in our sim-
ulations KT quite reliably provides survival benefit except in the case 
of fairly drastic assumptions (generally, 50% or higher mortality risk 
for KT recipients exposed to COVID-19, which is much higher than 
has been described in current case series) suggests that closure of 
transplant programs in the face of the COVID-19 pandemic comes 
at a cost to KT waitlist registrants, and such drastic action may not 
be necessary.

It is critically important to note that, while this simulation 
study provides real-time assessment of the risk-benefit profile for 
specific KT candidates at centers with specific COVID-19 risk, it 
cannot account for local resource availability. In some areas, there 
is significant concern regarding the availability of hospital beds, 
ventilators, blood, personal protective equipment, and a healthy 
workforce.24-27 The results of our simulation must be taken in 
the context of local resources when determining center-specific 

F I G U R E  5   CART summarizing estimated LMG5 from immediate transplant vs delay, based on epidemic characteristics and length of 
delay. Details of CFRs and COVID-19 risk parameters appear in Table 1. CART, classification and regression tree; CFRs, case fatality rates; 
COVID-19, coronavirus disease 2019; KT, kidney transplant; LMG5, life-months gained over the first 5 years

2.6

-12.3

0.01

Waitlist COVID-19 CFR

Post-KT CFR

COVID19 risk

lo/med/hi very hi/lethal

lo/med/hivery hi/lethal

Med/hi
none/low

3/6/12mPost-KT CFR

-5.3

lethal
very hi

Delay

7.3

24/60m

Post-KT CFR

lo/med/hivery hi/lethal

0.9

Post-KT CFR

7.4

lethal very hi

COVID19 risk

6.5

none/low
Med/hi

Delay

14.8

3/6/12m

Waitlist CFR

24/60m

20.4

very hi

30.1

lethal

TA B L E  4   Variable importance of the simulation parameters 
estimated via random forests

Parameter
Variable 
importance

Waitlist COVID-19 CFR 1 (Reference)

Post-KT COVID-19 CFR 0.933

Community COVID-19 risk 0.529

Length of delay 0.309

Additional COVID-19 risk on waitlist 0.087

Age 0.086

Time on dialysis 0.033

Nosocomial COVID-19 risk at KT 0.024

History of diabetes 0.017

LDKT vs DDKT 0.003

History of prior transplant 0.002

Race/ethnicity: Asian 0.001

Race/ethnicity: black 0.001

Insurance type <0.001

Race/ethnicity: Hispanic <0.001

Race/ethnicity: other nonwhite <0.001

Sex <0.001

Abbreviations: CFR, case fatality rate; COVID-19, corona virus disease 
2019; DDKT, deceased donor kidney transplant; KT, kidney transplant; 
LDKT, living donor kidney transplant.
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courses of action. Even in scenarios where KT provides substantial 
survival benefit, cessation of transplantation may be unavoidable 
to preserve resources and workforce. In that setting, our study 
helps to quantify the effect of delay on KT candidate survival. The 
landscape of COVID-19 is evolving rapidly and it is impossible to 
forecast what the risk-benefit profile will be in the next weeks to 
months. For that reason, we designed our simulation to be flexible 
and modifiable.

In summary, the COVID-19 pandemic introduces uncertain risks 
to transplant candidates and recipients; however, simulation sug-
gests that even after weighing the potential risks of COVID-19 in-
fection, KT still provides survival benefit to transplant candidates 
in most scenarios. If local resources allow, it might be reasonable 
to continue KT unless evidence emerges of extremely high CFRs of 
COVID-19 among recipients.
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