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Abstract

Background There is limited evidence to support definite clinical outcomes of direct oral anticoagulant (DOAC) therapy in
chronic kidney disease (CKD). By identifying the important variables associated with clinical outcomes following DOAC
administration in patients in different stages of CKD, this study aims to assess this evidence gap.

Methods An anonymised dataset comprising 97,413 patients receiving DOAC therapy in a tertiary health setting was
systematically extracted from the multidimensional electronic health records and prepared for analysis. Machine learning
classifiers were applied to the prepared dataset to select the important features which informed covariate selection in mul-
tivariate logistic regression analysis.

Results For both CKD and non-CKD DOAC users, features such as length of stay, treatment days, and age were ranked
highest for relevance to adverse outcomes like death and stroke. Patients with Stage 3a CKD had significantly higher odds of
ischaemic stroke (OR 2.45, 95% Cl: 2.10-2.86; p=0.001) and lower odds of all-cause mortality (OR 0.87, 95% CI: 0.79-0.95;
p=0.001) on apixaban therapy. In patients with CKD (Stage 5) receiving apixaban, the odds of death were significantly
lowered (OR 0.28, 95% Cl: 0.14-0.58; p=0.001), while the effect on ischaemic stroke was insignificant.

Conclusions A positive effect of DOAC therapy was observed in advanced CKD. Key factors influencing clinical outcomes
following DOAC administration in patients in different stages of CKD were identified. These are crucial for designing more
advanced studies to explore safer and more effective DOAC therapy for the population.
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Graphical Abstract

Incremental hemodialysis and vascular access complications: a 12-year experience in a hospital hemodialysis unit
Fernandez Lucas M1,2, Piris Gonzélez M1, Diaz Dominguez ME1, Collado Alsina A1, Rodriguez Mendiola NM1
1- Nephrology Department, Ramén y Cajal University Hospital, Madrid, Spain

2-Alcala de Henares University, Madrid, Spain

(Background \

Incremental hemodialysis (HD) initiation is considered a valid
alternative for patients with residual renal function (RRF).

Better preservation of RRF without significant differences in survival
rate has been reported, but the evidence of its effect on vascular
access is scarce.

Although it has been proposed that less arteriovenous fistula
punctures would lead to fewer complications, there is no strong

Qvidence supporting this. j
fMethods \

¢ We evaluated a cohort of 220 incident patients on
hemodialysis from January 1st, 2006 to December 31st, 2017.

* Data regarding demographic and clinical variables were
collected, as well as data related to vascular access.

* The goal was to evaluate if there were differences in
arteriovenousfistula survival and complication rate between
patients who started hemodialysis treatment with an
incremental regimen versus a conventional three sessions

Results

» Of the 220 evaluated patients, 132 (60%) began dialysis with two sessions per week (incremental
hemodialysis group, follow-up of 27 + 28 months, average time in two weekly sessions 12 + 11.7
months) and 88 (40%) with three sessions per week (conventional hemodialysis group, follow-up
of 30 £ 31 months).

Both incremental and conventional groups were equivalent when comparing demographic and
clinical variables.

A total of 188 (85%) patients were dialyzed with an arterio-venous fistula during follow-up. 83
patients had one or more fistula complications, with no differences between incremental and
conventional groups (p=0.55).

No differences were found in fistula survival between incremental and conventional groups, when
the analysis was conducted from the date of fistula surgical creation (Log Rank p = 0.810) or from
the date of fistula cannulation (Log Rank p = 0.695).

Strengths and limitations

* Our study is among the few that evaluated incremental hemodialysis impact on vascular access
survival.

The limitations of this study are that it only includes patients from one hemodialysis unit and that
it is a retrospective study, so the patients could not be randomized.

per week scheme.
* Fistula survival and the probability of a fistula complication

Kwere calculated using the Kaplan-Meier method. /
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Conclusions

In our observational cohort study we did not find differences in arteriovenous fistula survival or
complication rate between patients who started HD with an incremental versus a conventional
treatment scheme. At this moment there is noevidence suggesting that incremental
hemodialysis impacts on vascular access complications or survival.

Keywords Direct oral anticoagulants (DOACs) - Chronic kidney disease - Decision trees - Electronic health records (EHR)

Introduction

Direct Oral Anticoagulants (DOACSs) are the first-line
anticoagulation therapy prescribed for venous thrombo-
embolism and atrial fibrillation patients with normal kid-
ney function or moderately severe chronic kidney disease
(CKD) [1]. The volume of DOAC prescriptions in the
National Health Service (NHS) in England has increased
steadily given their favourable pharmacokinetic and clini-
cal profile compared to older-generation anticoagulants
[2—4]. On the other hand, the incidence of CKD, known
to alter the pharmacodynamics and pharmacokinetics of
DOAC:Ss and to increase the risk of both atrial fibrillation
and venous thromboembolism, is also increasing [5, 6].
The fixed-dose regimen of DOACSs makes it difficult to
tailor DOAC doses for patients with special requirements
(e.g., patients with chronic kidney disease who need regu-
lar monitoring of kidney function). Nonetheless, to ensure
safety and effectiveness in such a cohort of patients, the
doses of each drug in the class should ideally be accu-
rately assessed in practice [7]. Useful models for estimat-
ing suitable interventions for optimal clinical outcomes

@ Springer

(e.g., stroke, death (survival), bleeding, hospitalisations,
etc.) would ultimately be driven by high-quality data.

Few studies have highlighted the potential safety concerns
(i.e., bleeding, stroke, and death) for DOACs prescribed
for patients in different stages of CKD, given the high risk
of drug accumulation with deteriorating kidney function
[8—11]—for example, patients with CKD on dialysis had
twice the risk of stroke and bleeding [12]. These safety
concerns are more significant with inappropriate dosing of
DOAC:S in patients in different stages of CKD (hence the
need for strict monitoring of kidney function) [13].

Given their dependence on renal clearance to varying
extents (apixaban is the least dependent; dabigatran is the
most dependent), clinical outcomes of DOACsS in patients
with CKD have been investigated [14]. This has led to drug
regulatory bodies (and relevant clinical governing bodies)
establishing the dose adjustment criteria for patients with
renal insufficiency for optimising outcomes [15]. However,
these criteria are based on either a few controlled studies
(e.g., Landmark DOAC trials with creatinine clearance
(CrCl) thresholds often >25 ml/min) with limited data for
patients in advanced stages of CKD or limited observational
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studies with small sample sizes [4]. Food and drug admin-
istration (FDA)-approved doses of DOACs in CKD were
based on pharmacokinetic modelling since there was a lack
of any clinical trial data [11].

The usefulness or accuracy of the dose reduction crite-
ria becomes uncertain for patients with advanced CKD and
so warfarin is preferred (extensive clinical data on safety
outcomes are available). These gaps in clinical data for
DOAC:S for use in patients with CKD can be filled with
electronic health records (EHR)-based observational studies
[4]. Advanced statistical methods (e.g., Multivariate Logis-
tic Regression model) can be applied to the curated elec-
tronic health records dataset which contains large and richly
informative datasets (demographics, intervention, results/
outcomes) to optimise safety and effectiveness outcomes
associated with the different doses of DOACs in the CKD
cohort.

Studies have shown that insights from electronic health
records can drastically improve clinical judgement in terms
of improving clinical outcomes [12, 16—19]. Admittedly,
there is uncertainty regarding the requirements for optimis-
ing DOAC therapy in CKD, therefore, this paper aims to
identify the most important factors contributing to the clini-
cal outcomes of DOAC therapy in patients in different stages
of CKD. This serves as a starting point for further research
to explore the safety and efficacy of DOAC therapy in CKD.

Methods
Data sources

Data from two hospitals from the CHFT Foundation NHS
Trust Hospitals were used in this retrospective observational
study. Ethical approval was obtained from the University
of Huddersfield Ethics Committee (reference number: SAS-
SREIC 21.7.21-7). CHFT granted data access for the study
following training and compliance with Information Govern-
ance protocols.

Using structured queries on the electronic health records,
the hospital's informaticist extracted the feature-rich data-
set (reports) that met the study's eligibility criteria. We
anonymized and pre-processed (cleaned) the extracted data
to ensure it was in an ideal format for analysis. Importantly,
patient consent waiver was applied to the study, given that
the data from the electronic health records were de-identified
and were used for retrospective analysis.

Study population

We retrospectively identified adult patients between May
1, 2017, and October 20, 2021, both male and female, over

the age of 18, who were receiving DOAC therapy. Those
who met the inclusion criteria were drawn from a range of
CHFT wards (e.g., general medicine, geriatrics, cardiol-
ogy, and respiratory medicine). They were either admitted
directly to these wards or transferred to them. Outpatients
and patients admitted to the maternity ward were excluded
from the study.

DOAC therapy

DOAC therapy was prescribed for the management or pre-
vention of ischaemic stroke in atrial fibrillation or the treat-
ment and prevention of venous thromboembolism (deep
vein thrombosis or pulmonary embolism), based on local
NHS guidelines. Given that many patients had several events
(treatment episodes), we chose the last treatment (dose of
medication) the patient received (last treatment encounter)
to reflect the stable or maintenance dose. Also, we only
considered patients who received uniform DOAC therapy
throughout; patients whose DOAC therapy was switched
were excluded.

Covariates

For each patient, demographics (e.g., age, gender, ethnicity),
clinically relevant variables such as obesity status, height,
weight, chronic kidney disease status, bleeding risk, venous
thromboembolism risk (using the hospital’s local risk
assessment tool), comorbidities, medication (e.g., apixaban,
rivaroxaban, edoxaban, and dabigatran), DOAC treatment
duration (in days and years), medication dose, and indica-
tions, respectively, were extracted from the electronic health
records as continuous or categorical features.

The definition of CKD was based on the recent Kidney
Disease Improving Global Outcomes (KDIGO) guide-
lines: abnormalities of kidney structure or function, present
for> 3 months, with implications for health. Chronic kidney
disease is categorised based on (estimated) glomerular filtra-
tion rate (¢éGFR). The CKD classification standard adopted
by the NHS is as follows: stage 1 (normal kidney function)
where eGFR > 90 ml/min; stage 2 where eGFR is slightly
reduced (60-89 ml/min); stage 3a (eGFR of 45-59 ml/min);
stage 3b (eGFR 30-44 ml/min); stage 4 (¢GFR 15-29 ml/
min) and Stage 5 which depicts kidney failure/end-stage kid-
ney disease (ESKD) (eGFR of 0—15 ml/min).

The Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation adopted by the local NHS standard was
used to estimate the renal function of the selected cohort as
follows:

eGFR =141 x min(SCr/x, 1)a x max(SCr /x,
1)- 1.209x0.993Age x 1.018 [if female] x 1.159 [if
Black] (eGFR (estimated glomerular filtration rate) =mL/
min/1.73 m2 | SCr (standardized serum creatinine) = mg/
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dLl k=0.7 (females) or 0.9 (males)l a=— 0.329 (females)
or — 0.411 (males)l min=indicates the minimum of SCr/k or
Ilmax =indicates the maximum of SCr/x or 1| age =years).

The values which are based on CKD staging were
encoded accordingly: stage 5 or ESKD (eGFR < 15)=5;
stage 4 (15-29 mL/min) =4; stage 3b (30—44 mL /min) =3;
stage 3a (45-59 mL/min) =2; normal kidney function
(eGFR>60)=1 [9].

Outcomes

Our study outcomes encompassed; length of stay (in days),
all-cause mortality (deceased), clinically relevant non-major
bleeding in atrial fibrillation and surgical patients, ischae-
mic stroke, any thromboembolism events, and the number of
emergency visits (any hospital emergency visits post-DOAC
treatment). We used the International Society on Thrombosis
and Haemostasis definition of clinically relevant non-major
bleeding, which is ‘any sign or symptom of haemorrhage
requiring medical intervention by a healthcare professional
or leading to hospitalisation or increased level of care, or
prompting a face-to-face evaluation’ [20]

The primary outcomes were clinically relevant non-major
bleeding, all-cause mortality, ischaemic stroke, and any
thromboembolic events, while secondary outcomes were the
length of stay and the number of emergency hospital visits.

Statistical analyses

The distribution variables extracted for the study were tested
for normality using preliminary statistical techniques. Data
were summarized using descriptive statistics for continuous
(e.g., mean, median, mode, standard deviation) and categori-
cal data (frequency, proportion); intracohort comparison was
carried out. Furthermore, possible correlation(s) between
the variables were assessed using Pearson’s test. The sig-
nificance level was set to p <0.05.

The analysis was completed in two phases. In the first
phase, machine learning algorithms were implemented and
used to identify important features contributing to a specific
outcome. In the next phase, multivariate regression models
were conducted to examine the association between DOAC
therapy and outcomes. The important features identified
using machine learning algorithms were entered as con-
founders in the multivariate regression models. This step
provided a strong rationale for selecting relevant covariates
in multivariate regression models to examine the statistical
associations.

@ Springer

Machine learning workflow
Data cleaning

The most important phase of the machine learning pipeline
is data pre-processing. No matter how powerful a machine
learning algorithm is, using poor-quality data would yield
unrealistic results. Standard data cleaning procedures
include removing redundant and irrelevant data, stand-
ardising text capitalization (lower case or upper case) and
addressing missing values and human errors. A lengthy nar-
rative text was encoded (e.g., the clinical notes in the indi-
cation field). The label encoding method was also used to
encode categorical features such as gender, race, clinically
relevant non-major bleeding/bleeding risk, and stroke/stroke
risk. Clinical domain expertise was used to guide feature
engineering. Redundant features were removed to reduce the
number of features from 49 to 26, and some features were
changed to make them more informative.

Data that were missing but had a significant count were
labelled as unknown, whereas data that had no significant
count (less than 5% of the entire sample) were eliminated.
Estimated GFRs > 90 were labelled as 100; for missing
values in the body mass index (BMI) column, we replaced
them with their computed BMI using the patient’s height and
weight. Missing values in the eGFR column were replaced
with the average value (imputation of mean). There was a
considerable number of human errors in the recording of
height and weight. For instance, the height column contained
over 12,000 values with incorrect decimal points, leading to
numerous outliers. As a result, the data were adjusted, and
the BMI was recalculated using the weight and BMI func-
tion. Normalizing and scaling variables were further parts
of data cleansing.

Model development and evaluation

The cleaned data were split into 70% training and 30% test
subsets using stratified sampling to ensure the same target
class distribution. A range of classification models was
trained using the training data and tested on the unseen
testing data. Then, the models were evaluated on various
performance metrics, including accuracy, precision, recall,
F1-score, and confusion matrix—the details on these are
shown elsewhere [21]. Figure S1 below summarises the steps
of the machine learning pipeline that were implemented.
Besides analysing the dataset using classification models
like random forests and decision trees, the same models were
used to rank the predictor variables in the overall patient
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dataset according to the weights of their contribution to the
outcomes in the study.

Machine learning analysis

Machine learning models are capable of discerning patterns
and information from datasets, creating a concise summary
of the present data and enabling predictions to be made
on new, previously unseen data. The experiments aimed
to find the classification model most suitable for the data-
set of patients with CKD. Seven (6) well-known machine
learning classification models were trained on the cleaned
dataset. These selected models employ different algorithms/
approaches to learn from data and have different parame-
ters and hyperparameters. The models were trained on the
same dataset under the same training and testing settings.
The accuracy of the models on the test dataset is shown in
Table S1. Apart from the support vector machine, gradient
boosting classifier and logistic regression, the remaining
models (i.e., random forests and decision trees) achieved
excellent accuracy of more than 97%. They learned the pat-
terns in the data better to make acceptable predictions. As a
result, they achieved higher values of precision, recall, and
F1 scores, as shown in Table S2.

As illustrated in Figures S1 and S2, the decision trees
and random forest machine learning algorithms produced a
ranking of the features in the dataset based on their strength
of influence on clinical outcomes. In descending order, the
top 4 features impacting all-cause mortality were treatment
days, length of stay, age, and emergency hospital visits.

Results
Participants’ characteristics

The number of eligible patients on DOACs extracted from
the electronic health records was 97,413, following the
adjustment of the number of columns (features) in the data-
set. Table 1 gives a statistical summary of the relevant vari-
ables. The patients were mostly elderly with an average age
of 78.8 years and had at least one comorbidity; a greater
proportion had normal kidney function (62.2%)—i.e., non-
CKD— and not more than 6% had advanced CKD. The
mean eGFR of the patients was 68.5 ml/min.

The exposure variables were patient demographics, direct
oral anticoagulant administered, eGFR, bleeding risk and
venous thromboembolism risk, treatment days/years, and
comorbidities—these are summarised in Table 1; the out-
come variables included length of stay, number of emer-
gency hospital visits, all-cause mortality, clinically relevant

Table 1 Characteristics of the study sample (n=97,413)

Variable Total patients n (%)
Age (yr), Mean+SD 78.8+11.5
Gender (% Female) 51,127 (52.5)
Ethnicity

White 90,360 (92.8)

BAME 3056 (3.1)

Other 3997 (4.1)
Height, Mean+ SD 1.6+0.1
Weight, Mean + SD 74.4+20.8
Medication

Apixaban 82,073 (84.3)

10 mg BD 2002 (2.1)

5 mg BD 40,924 (42.0)

2.5mg BD 39,147 (40.2)

Dabigatran 1,125 (1.1)

110 mg BD 807 (0.8)

150 mg BD 282 (0.3)

75 mg BD 36 (0.0)

Edoxaban 366 (0.3)

30 mg OD 243 (0.2)

60 mg OD 123 (0.1)
Rivaroxaban 13,849 (14.2)

10 mg OD 508 (0.5)

15 mg OD 6384 (6.5)

20 mg OD 6957 (7.1)
Treatment days, Mean +SD 513.9+462.0
Treatment years

<1 year 48,054 (49.3)

2 years 18,894 (19.4)

3 years 16,316 (16.7)

4 years 10,058 (10.3)

>5 years 4,091 (4.2)

BMI, Mean +SD 272472

eGFR, Mean+SD 68.5+24.2

eGFR Staging

Normal kidney function (>90) 23,726 (24.4)

Non-CKD (Stage 2) (60-89) 36,889 (37.9)
Stage 3a CKD (45-59) 18,397 (18.9)
Stage 3b CKD (30-44) 12,674 (13.0)
Stage 4 CKD (15-29) 5142 (5.3)
Stage 5 CKD (0-14) 585 (0.6)

*Main Indication(s)

Stroke prophylaxis 80,071 (82.2)
Recurrent VTE prophylaxis 544 (0.6)
VTE treatment 8386 (8.6)
Unclassified 8412 (8.6)
Comorbidity [yes] 82,032 (84.2)
Bleeding risk [yes] 69,886 (71.7)
VTE risk [yes] 96,916 (99.5)

“NB: The indications of DOACs overlap across dose regimens

@ Springer
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EDOXABAN |7 99.8

DABIGATRAN [E] 98.7

APIXABAN 82.3 17.7
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APIXABAN 84.6 15.4

W % of patients receiving DOACs

B % of patients not receiving DOACs

RIVAROXABAN (WH& 87.4
EDOXABAN |5 98.5
DABIGATRAN §] 96.2
APIXABAN 82.1 17.9

Fig. 1 Daily doses of DOACs prescribed by CKD eGFR categories (stages), A Non-CKD (Stage 2), B Normal kidney function, C Stage 3a, D

Stage 3b, E Stage 4 (severe CKD), F Stage 5 (renal failure)

non-major bleeding, and ischaemic stroke. Figure 1 summa-
rizes the proportions of individual doses of different DOACs
prescribed to patients in different stages of CKD: apixaban
(received mostly within the first year of treatment) was the
most frequently prescribed agent for all the stages of CKD
(including normal eGFR) relative to other DOAC types.

@ Springer

DOAC therapy and clinical outcomes in patients
in different stages of CKD

There was a consistent decrease in mortality with increas-
ing duration of treatment (in years)— per cent mortality
peaked in the first year (Table S3). This trend was present
in all CKD stages. However, the other clinical outcomes did
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Fig.2 The odds of mortality (A) and ischaemic stroke (B) at different stages of renal failure (CKD stage) by DOAC therapy

not improve or deteriorate at a consistent rate throughout
the 5-year treatment duration. For instance, the number of
emergency hospital visits increased within the first 3 years
of treatment in stages 3a, 3b, 4 and 5 of CKD, respectively,
before tailing off (Table S4).

Notably, the mean length of stay peaked in the third year
of treatment for non-CKD patients and for stage 4 and 5
CKD patients, respectively, whereas, for stage 3a and 3b
CKD patients, it peaked in the fourth year of treatment. Also,
the highest proportion of patients with stroke was seen in the
third year of treatment for non-CKD patients and patients
with kidney failure (stage 5 CKD); in the 2nd year for stage
4 CKD, in the 4th year for stage 3a CKD, and in the 5th
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year for stage 3b CKD, respectively. Very few patients with
more severe cases of CKD (or none altogether) had bleeding
events, regardless of the treatment duration. The sample size
of non-CKD or patients with CKD having thrombotic epi-
sodes regardless of the duration of treatment was also low.
The results from the multivariate logistic regression
analysis for patients in different stages of CKD regard-
less of DOAC type are outlined in Table 2. Patients with
CKD stage 5 had higher odds of emergency hospital visits
than patients with no CKD (OR 1.60, 95% Cl: 1.29-1.98;
p=0.001). Compared with patients with no CKD, patients
with Stage 4 CKD were associated with lower odds of
ischaemic stroke (OR 0.80, 95% Cl: 0.71-0.89; p=0.001)
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and length of hospital stay (OR 0.79, 95% Cl: 0.71-0.86;
p=0.001)—a similar trend was observed in stage 3b, but
with higher odds of death (OR 1.61, 95% Cl: 1.49-1.74;
p=0.001) and emergency hospital visits (OR 1.95,95% Cl:
1.80-2.12; p=0.001), respectively—a similar trend was
found in stages 3a and 3b. There was evidence of increasing
odds of all-cause mortality in patients with CKD compared
to patients with no CKD.

Apixaban therapy and clinical outcomes in patients
in different stages of CKD

In patients with stage 3a CKD (Table S8), apixaban signifi-
cantly increased the odds of clinically relevant non-major
bleeding (OR 23.68, 95% Cl: 5.84-96.05; p=0.001) and
ischaemic stroke (OR 2.45, 95% Cl: 2.10-2.86; p=0.001).
On the other hand, there was a significantly lower risk of all-
cause mortality (OR 0.87, 95% ClI: 0.79-0.95; p=0.001) and
emergency hospital visits (OR 0.73, 95% CI: 0.66-0.82;
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Fig.4 The odds of prolonged
hospital stay (A) and emergency
hospital visits (B) at different
stages of renal failure (CKD
stage) by DOAC therapy
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p = 0.001); a similar trend was observed for ischaemic
stroke and emergency hospital visits in stage 3b (Table S9)
and stage 4 CKD (Table S10), respectively. Interestingly,
Stage 3b CKD was significantly associated with higher odds
of prolonged hospital stay (OR 1.24, 95% Cl: 1.08-1.43;
p=0.001). Tables S6-S11 present the results of multivari-
ate logistic regression analyses for different stages of CKD.

Individual DOAC therapy and clinical outcomes
in patients in different stages of CKD

The proportion of patients who received apixaban and
edoxaban and stayed in hospital for> 1 week increased
steadily as the severity of CKD progressed—the proportion
of patients that spent less than a week declined. For rivar-
oxaban and dabigatran, the proportion of patients who spent
less than, or more than, one week in hospital, respectively,
increased steadily within the first three years of treatment,
as the severity of CKD progressed. Also, the proportion of
deaths and emergency hospital visits among patients receiv-
ing apixaban increased steadily as kidney function declined,
within the first four years of treatment. For rivaroxaban, the

@ Springer

increase in deaths alone spanned across the 5-year time
frame; for edoxaban, a similar trend was observed within
the first four years. However, stroke cases (with apixaban)
dropped steadily within the five-year time frame; for rivar-
oxaban, declining cases of stroke were observed within the
first four years of treatment.

In the case of all-cause mortality, apixaban signifi-
cantly lowered the odds of death in patients with Stage 5
(OR 0.283, 95% Cl: 0.138-0.578; p=0.001), Stage 3a (OR
0.866, 95% Cl: 0.788-0.953; p=0.001) and no CKD (OR
0.724, 95% Cl1: 0.665-0.788; p=0.001) as shown in Fig. 2.
Another DOAC that significantly lowered the odds of death
in patients with Stage 3a (OR 0.227, 95% Cl. 0.145-0.355;
p=0.001), Stage 2 (OR 0.131, 95% CI: 0.082-0.210;
p=0.001) and no CKD (OR 0.277, 95% Cl: 0.134-0.572;
p=0.001) was edoxaban. Rivaroxaban significantly reduced
the odds of ischaemic stroke in patients with normal kidney
function (OR 0.121, 95% Cl: 0.061-0.240; p=0.001), Stage
2 (OR 0.413, 95% CI: 0.253-0.674, p=0.001), and Stage
3b (OR 0.423, 95% CI: 0.344-0.522, p=0.001). However,
rivaroxaban significantly increased the odds of death in
patients with Stage 2, Stage 3a, and normal kidney function.
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On the other hand, both apixaban and edoxaban increased
the odds of ischaemic stroke.

Figure 3 shows that rivaroxaban significantly increased
the odds of thromboembolic events and clinically relevant
non-major bleeding in patients with normal kidney func-
tion (TE=O0R 5.518, 95% Cl: 4.175-7.294; p=0.001l,
clinically relevant non-major bleeding=OR 2.329, 95%
CI: 1.795-3.022), p=0.001), and CKD stage 2 (TE =2.336,
95% CI: 1.888-2.991, p=0.001). A majority of patients with
Stage 2 CKD and higher received apixaban. Interestingly,
apixaban significantly lowered the odds of thromboembolic
and clinically relevant non-major bleeding events in patients
with normal kidney function and Stage 2, but increased the
odds of these events in patients with CKD Stages 3a and 3b.

In the case of length of hospital stay, all DOAC regimens,
except for rivaroxaban in normal kidney function patients,
reduced the odds of prolonged hospital stay, as shown in
Fig. 4. In case of emergency hospital visits, rivaroxaban sig-
nificantly increased the odds of visiting hospital emergency
ward(s) in patients with normal kidney function, Stage 2,
and Stage 5. Apixaban and edoxaban reduced the odds of
emergency hospital visits in patients with normal kidney
function, Stage 2, Stage 3a, Stage 3b, and Stage 5 CKD,
respectively.

Discussion

Our study highlights the influence of DOAC type on clinical
outcomes at different stages of CKD: results from the analy-
sis of a large real-world dataset provided unique insights
that extend the existing clinical evidence. Overall, a partial
benefit was derived from the administration of DOACS in
patients with kidney function impairment, with some DOAC
types being safer or more effective than others.

With DOAC administration (as outlined in the Results),
there is increased exposure when renal clearance drops as
blood levels of DOACs accumulate to toxic levels. However,
the effect of declining kidney function on the exposure of
apixaban is less compared to the other DOACs [22]. Rea-
sons for this are the diverse elimination pathways for the
drug class of which renal clearance constitutes a minor part.
This could explain the lower odds of all-cause mortality and
higher odds of ischaemic stroke being significantly asso-
ciated with apixaban in stage 3a CKD. Ultimately, safety
outcomes (i.e., death, bleeding, and emergency admissions)
worsen, such as the heightened risk of emergency hospital
visits in stage 4 CKD and all-cause mortality and thrombo-
embolic events in stage 3b CKD. These outcomes reflect the
pharmacokinetics of DOACS in kidney function impairment.
Notably, the ageing patient demographic, comorbid condi-
tions and drug-drug interactions may play an important role

in the poor clinical outcomes: ageing is linked to a reduction
in GFR; cardiovascular risk factors can accelerate CKD pro-
gression and raise the baseline risk of bleeding and throm-
boembolic complications; co-medication with inhibitors of
CYP3A4 enzyme system or p-glycoprotein transporter slows
the metabolism (enhances bioaccumulation) [9, 23].

Given that the pharmacokinetics of DOACs in CKD is
altered whereas the pharmacodynamics is largely intact
[24], improvement in efficacy outcomes (inhibition of blood
clotting) with DOAC administration is not unexpected. For
instance, there were significantly lower odds of ischae-
mic stroke in stage 4 CKD (Table 2)— aligning with the
decreasing number of cases associated with rivaroxaban in
Table S4. Interestingly, the anti-inflammatory and cardio-
vascular protective effects (e.g., vasodilation and inhibition
of platelet aggregation i.e., antiplatelet activity) of DOACs
are also contributing factors to better outcomes (efficacy) for
venous thromboembolism and stroke prophylaxis in patients
in non-advanced stages of CKD [9].

The key features that influenced the outcomes described
above were selected and prioritised by the machine learn-
ing algorithms—clinically significant factors such as treat-
ment days, emergency hospital visits and length of stay were
extensively examined. For instance, emergency hospital vis-
its rose as kidney function declined in patients receiving
apixaban, within the first four years of treatment. This may
imply that a longer duration of DOAC treatment improved
patient survival or that there was no net improvement in
treatment outcome with a specific DOAC (switching of
therapy may be necessary).

The findings regarding the safety and efficacy of DOACs
in CKD patients are inconsistent, and the paucity of rel-
evant data heightens the uncertainty among clinicians when
it comes to prescribing DOACs. [23]. Some of the results
were similar to those found in published clinical studies,
while others differed. For example, Jang et al. [25] showed
that dabigatran significantly increased the risk of thrombo-
embolic events in patients in different stages of CKD com-
pared to apixaban. Miao et al. [26] maintained that apixaban
and rivaroxaban had similar associations with higher odds
of stroke and major bleeding, respectively. Padrini et al. [24]
reported that patients receiving apixaban had a higher risk
of ischaemic stroke (hazard ratio 4.8; 95% CI 1.30-18.26).
It must be noted that, as far as the findings are concerned,
the outcomes from trials (with different study designs) were
compared indirectly and the sample size of the patients with
severe kidney impairment was very small. The finding was
supplemented by extrapolated results from pharmacokinetic
studies.

On the other hand, Siontis et al. [27] found that apixa-
ban is associated with a significant reduction in major
bleeding among atrial fibrillation patients with ESKD
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(warfarin served as referent): (HR, 0.72; 95% CI, 0.59-0.87;
P <0.001), while Arrigoni et al. [18] pointed out that
patients on apixaban had a lower risk of thrombotic events.
Bonnemeier et al. [28] found that rivaroxaban was asso-
ciated with a significantly lower risk of ischaemic stroke
HR=0.72; CL=0.55-0.94; p=0.015, while Chen et al. [17]
suggested that rivaroxaban, dabigatran and edoxaban were
associated with a significant reduction in the risk of bleeding
relative to the referent group HR =0.76, 95% CI 0.64-0.91,
12=62%).

Key ramifications must be considered when interpret-
ing previous studies although they align somewhat with the
theory that patients with kidney impairment alongside atrial
fibrillation have higher risks of stroke, death, bleeding, and
thromboembolic events [12, 18]. Since the Cockroft-Gault
Formula was the formula/equation employed in deriving
DOAC doses in pivotal trials and is popular in clinical prac-
tice, estimation of kidney function based on CKD-EPI would
affect the cut-off for dose adjustment leading to potential
mis-dosing. However, studies have shown that it gives better
GFR estimation for inpatients (ICU patients) whose body
weight cannot be measured [29].

Meanwhile, Chan et al. [30] reported slight discordance
in dose estimates between Cockroft-Gault and CKD-EPI
at eGFR cut-offs of < 15, 15-50, and > 50 mL/min, respec-
tively. The consensus was that CKD-EPI would lead to
overdosing, hence worse clinical outcomes compared to the
Cockroft-Gault formula. By and large, discrepancies caused
by different equations used to estimate DOAC doses in renal
patients need to be addressed [25].

Surprisingly, the machine learning algorithms ranked
normal kidney function above the severe stages of CKD in
terms of importance in determining all-cause mortality. In
contrast, the decision tree algorithm assigned higher prior-
ity to Stage 3b CKD for predicting stroke. Meanwhile, the
decision trees algorithm and random forest showed excel-
lent performance in terms of accuracy in the prediction of
stroke and death in patients in different stages of CKD. Other
machine learning performance metrics like precision, recall
and F1-score yielded similar results. This provides a sound
basis (hypothesis) for validating the association between
selected risk factors (exposures/interventions) and outcomes.

Comparison of our findings with separate studies in terms
of the safety and efficacy of DOACs in CKD is difficult due
to variations in study design. However, a common consensus
regards poorer safety outcomes with declining kidney func-
tion (increasing severity of CKD). There is therefore the
need for routine monitoring of DOAC levels in renal patients
because the deteriorating kidney function may require dose
adjustments if a specific DOAC is still recommended. Medi-
cation assessment is also needed to identify concomitant
medications interacting with DOACs. By and large, there
is a need for prospective clinical trials investigating the
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impact of DOAC doses in the different stages of CKD,
especially severe renal impairment. This would serve as a
gold standard for validating the outcomes of our research.
It is also pertinent that the therapeutic range of DOAC:s is
established to enable more individualized treatments and
optimal outcomes.

The main strength of this study is the large number of
patient data that provides a firm basis for generating real-
world evidence. This ensures the findings are robust to a
large extent and would supplement trial data which has nar-
rower inclusion criteria. Meanwhile, the retrospective nature
of the study made it easier to extract relevant data in suf-
ficient amounts. Furthermore, the large dataset is ideal for
the application of advanced techniques like regression and
machine learning.

The limitations of the study imply that our findings must
be interpreted with caution. There was sampling bias as
some patient subgroups were underrepresented, hence out-
come predictions would not be statistically significant (e.g.,
an insufficient number of patients with more severe cases of
CKD had bleeding events). Also, White patients were over-
represented in the dataset making it difficult to generalise
findings to a diverse population, while small sample sizes of
some groups or categories make our statistical relationships
susceptible to error. In addition, although we adjusted for
confounders in our statistical modelling, the observational
retrospective design of the study makes it susceptible to con-
founding biases (e.g. confounding by indication) which can
only be considerably ruled out by conducting prospective
randomised controlled studies. Furthermore, the CKD stag-
ing of the study was based on the chronic CKD-EPI equation
rather than the Cockroft-Gault formula used in landmark
DOAC trials. This could provide a divergent estimate of the
dosing requirements of DOACs. Therefore, there is a need
for further confirmatory studies to obtain an accurate eGFR
cut-off for optimal DOAC outcomes.

Another drawback is that some characteristics, such as
comorbidity, were not entered into the EHR in a systematic
or consistent manner that would have allowed for explora-
tory research. Time-to-event analysis was not feasible due
to the retrospective nature or limited scope of the dataset.
Since there was such a wide range of comorbidities, the sam-
ple sizes for each were small (e.g., diabetes, hypertension,
coronary heart disease, cancer, heart failure, CKD, asthma/
COPD, osteoarthritis, etc.). As a result, comorbidity was
defined in the curated dataset by its presence or absence.
Also, there are no set guidelines for choosing the best
machine learning model for a particular task when choos-
ing machine learning models. It is standard procedure to test
all relevant models and, after thorough model evaluations,
choose the one that is most appropriate and accurate. Due
to their broad use in pertinent medical situations, decision
trees and random forests are recommended over alternative
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models, such as SCIGAN (eStimating the impacts of Con-
tinuous Intervention using GANSs) [31].

The study was only based on one NHS trust (CHFT),
hence more extensive electronic health record data including
numerous NHS trusts are required to produce results that
can be more reliably interpreted clinically—this reinforces
the need to validate our findings using external datasets. It
is crucial to remember that the large percentage of elderly
patient groups in the dataset—which is not unique to our
study—reflects the UK's ageing population.

Conclusion

A positive effect of DOAC therapy was observed in advanced
CKD. However, clinical outcomes (included in this study)
may vary slightly depending on the type of DOAC adminis-
tered. By and large, the results lend credence to the existing
body of evidence on the use of DOAC:S in different stages of
CKD. Ultimately, larger multi-institutional real-world studies
as well as prospective clinical trials are crucial for reliably
assessing DOAC exposure and clinical outcomes in advanced
CKD. This would inform more precise recommendations and
identify eGFR cut-offs for optimal DOAC dose levels.
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