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Abstract: Cardiovascular surgeries, though lifesaving, can lead to complications requiring further interven-
tions, including amputations. This study uses Sankey diagrams to analyze treatment pathways in patients with
peripheral artery disease (PAD), focusing on those that lead to amputation versus those that do not. The anal-
ysis demonstrates pathways that begin with initial treatments, such as anti-platelet therapy and lipid lowering
treatment often routes to non-amputation. However, as the flows progress through the diagram, they diverge,
leading to distinct outcomes and suggesting areas for early intervention. Amputation pathways are more likely
to include revascularization procedures. Confounder analysis, including the risk factors of PAD has been per-
formed to support the insights we obtain from the PAD visualizations. These visualizations highlight patterns
in patient care and emphasize the importance of tailored treatment strategies to reduce amputations, offering
insights to predict likely outcomes based on treatment sequences.

Keywords: data visualization; treatment pathways; cardiovascular surgery; sankey diagram; visualization of
treatment sequences; Peripheral Arterial Disease (PAD); hypertension; hyperlipidemia; diabetes; cerebrovas-
cular disease; coronary artery disease; age; gender; race

1. Introduction

Peripheral Arterial Disease (PAD) is a serious medical condition characterized by the narrowing
of arteries, most commonly affecting the lower extremities. This condition results from atherosclero-
sis, a disease in which plaque builds up in the arteries, leading to reduced blood flow. According to
the National Institute of Health (NIH) [2,12], more than eight million people in the United States are
affected by PAD. The condition can lead to severe adverse health effects, including stroke, heart at-
tack, and, most relevant to this study, amputation of affected limbs due to ischemia —a state where
blood flow is insufficient to ameet the oxygen needs of tissues [1].

Risk factors for PAD include age, genetic disposition, and major lifestyle factors such as smok-
ing, insufficient physical activity, stress, and diets high in saturated fats. Medical conditions such as
diabetes, obesity, kidney disease, high blood pressure, blood clotting disorders, and Fibromuscular
Dysplasia also contribute to the risk of developing PAD [8]. Treatment options for PAD vary from
lifestyle changes and pharmacological therapies to surgical procedures. Lifestyle-based treatments
focus on smoking cessation, achieving a healthy weight, increasing physical activity, managing stress,
and adopting a heart-healthy diet. Pharmacological treatments include anti-platelet medicines, lipid-
lowering medicines, and ACE inhibitors. Surgical options encompass endovascular revascularization
procedures like angioplasty and revascularization surgeries like bypass surgery [10].
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Visualizing the treatment pathways for patients with PAD can give us a better sense of the fre-
quency and diversity of patient outcomes, highlighting opportunities for further investigation and
modeling into the relative efficacy of treatment options among patient cohorts with PAD. This study
leverages data from electronic health records (EHR) to visualize these pathways. Using the data vis-
ualization technique of Sankey diagrams, we aim to map and analyze the sequences and frequencies
of treatments that lead to amputation versus those that do not. These visualizations [23] provide in-
sights into patient management, potentially aiding healthcare providers in optimizing treatment
strategies and reducing the incidence of amputation.

Visualizing clinical pathways from EHR data has improved evidence-based care delivery.
Zhang, Padman, and Patel (2015) [5] highlighted the benefits of data-driven methods in extracting
and visualizing clinical pathways, enhancing care for chronic conditions like kidney disease by re-
flecting day-to-day clinical decisions. Our study extends this approach to PAD, offering a compre-
hensive visualization of treatment sequences specific to this condition. Also, this is the first study
focusing on such visualizations in PAD.

Visualizing treatment pathways has been a significant focus in recent research, emphasizing its
potential to reveal underlying patterns in clinical and biological processes. Chen et al. (2018) [25]
developed the PathCORE-T framework, highlighting the importance of visualizing globally co-oc-
curring pathways to uncover relationships between biological processes across various conditions,
suggesting new hypotheses for further exploration. Similarly, Yan et al. (2019) [26] demonstrated the
dynamic visualization of human cancer cell behavior and therapy responses, providing critical in-
sights into treatment effects by observing single-cell behavior over time. These studies underscore
the value of visualization techniques in understanding complex interactions, which our study adapts
for the context of PAD treatment pathways.

In the specific domain of PAD treatment, Golledge and Drovandi (2021) [4] provided evidence-
based recommendations focusing on reducing major adverse cardiovascular and limb events through
various treatments. The study emphasizes the effectiveness of certain treatments but does so primar-
ily through textual summaries and tabular data. Our work builds on these findings by visually map-
ping treatment pathways, thus offering a more intuitive understanding of effective treatment se-
quences. One of the most recent works in PAD is by Soyfo et al. (2024) [6]. This work investigates the
effect of various treatments that could lead to adverse events in PAD patients. The authors concluded
that both BTK-alone (Below-the-Knee Alone) and BTK with FP (Below-the-Knee with Femoropoplit-
eal) interventions work effectively in the treatment of PAD patients and that both treatments provide
similar rates in the prevention of major adverse limb events (MALE), which include amputations,
repeat surgeries. Studies by Li et al. (2024) [7] used protein ST2 levels to help forecast adverse out-
comes like Major Adverse Limb Events (MALE) and highlight the importance of integrating bi-
omarker data into clinical models.

In addition, Smolderen et al. (2018) [9], with the PORTRAIT study, provided a high-level over-
view of treatment flows, distinguishing between primary and specialty care. While these studies pro-
vide valuable insights into specific interventions and overall care flows, they do not delve into the
sequences of treatment events that lead to different outcomes. Our research integrates these specific
findings into broader treatment pathways and visualizes how these interventions interact to impact
patient outcomes.

The motivation behind our research stems from the need to enhance clinical decision-making
through the visualization of treatment pathways that lead to amputation or non-amputation out-
comes in PAD patients. By employing modified versions of standard visualization techniques for
hierarchical and state-based data, such as Sankey diagrams, we aim to map out treatment sequences
in aggregate and enable healthcare providers to explore these pathways dynamically. This approach
offers actionable insights that could potentially reduce the incidence of amputations by identifying
and modifying treatment strategies earlier in the patient care process.

2. Methods
2.1. Data Source

The data used in this study was collected from two different sources, the first one being from
the Stanford Medicine Research Data Repository (STARR) [13]. Data include de-identified EHR clin-
ical practice data from STARR, comprising records of 5,581 patients with PAD. The dataset includes
detailed information on patient demographics, treatment pathways, and outcomes. To focus our
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analysis on the outcomes of interest, we used specific amputation codes to segregate the patients into
two groups: those who underwent amputations and those who did not. The second source of the data
is from the All of Us [11] research program’s Registered Tier Dataset V7, on the research workbench
[14], comprising records of 4,261 patients. The segregation of outcomes allowed us to visually analyze
and compare the treatment pathways distinctly for both groups, providing insights into the se-
quences of treatments that lead to different outcomes.

2.2. Cohort

The cohort for this study was defined to identify patients who have undergone amputations as
mentioned in Table 1 below:

Table 1. Counts of amputations vs non-amputations in both the PAD datasets.

Patients with at least one Treatment

Cohort before Amputation Non-Amputations
STARR Data 77 5504
All of Us Data 176 4085

2.3. Data Preprocessing

We filtered our dataset to include only the data of patients who underwent at least one treatment
before they experienced an outcome of either amputation or non-amputation. For each patient, we
noted the first occurrence of each treatment until an amputation occurred, if at all. We then created a
sequence of treatments for each patient, which we used to visualize and analyze the pathways lead-
ing to amputation or non-amputation outcomes. By structuring the data in this manner, we were able
to gain insights into the sequences of treatments that lead to different outcomes. The treatments we
considered include Anti-platelet [15], Lipid Lowering [16], Smoking Cessation [17], Exercise Therapy
[18], Endovascular Revascularization [3,19,20] and Revascularization Surgery [3,21,22]. As the ampu-
tations are very low in count, the data has first been normalized at the outcome cohort level: the
counts of individual sequences are divided by the total number of sequences in that outcome cohort.
Normalization has also been applied at the node level: node level normalization ensures that the flow
values entering and exiting a node sum to 1, making it easier to compare different pathways that pass
through the same node. This node level normalization ensures that the visual thickness of the path-
ways in our visualizations reflect the proportion of cases following the path.

2.4. Data Visualization

To effectively convey the complexity and nuances of treatment pathways leading to amputation,
we employed data visualization technique of Sankey diagrams [24]. All the plots have been made on
the data that has been normalized at both the node level and the cohort level. Each of these visuali-
zations provides unique insights into the sequences and frequencies of treatments, helping to identify
patterns and critical junctures in patient management.

The Sankey Diagram excels at visualizing the movement and distribution of resources across
different stages, providing a clear and intuitive understanding of how entities transition through var-
ious phases [24]. In Sankey plots, the flow of data is visualized across multiple levels, with streams
often converging and diverging. This visualization method allows for comparison of treatment se-
quences between the cohorts and is useful for identifying patterns in the progression of treatments
across different patient groups.

Figure 1 is a Sankey diagram of treatment sequences in our Stanford medicine Research data
Repository (STARR) dataset. Table 2 illustrates few dominant pathways that leads to amputation that
can be observed in the figure:
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Table 2. Pathways in the STARR Dataset, that exhibit higher prevalence in the amputation cohort than in the
non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
anti platelet lipid lowering Endovascular revascularization 7.79
Anti platelet Revascularization surgery Lipid lowering 5.19
Revascularization surgery Lipid lowering Anti platelet 2.6
Endovascular revasculariza- Lipid lowering i 13

tion

Table 3 illustrates a few of the dominant pathways that lead to non-amputations in the STARR
data. Pathways starting with exercise therapy or smoking cessation are generally not associated with
amputations, this might also be because they are done at healthier or less at-risk patients.

Table 3. Pathways in the STARR Dataset, that exhibit higher prevalence in the non-amputation cohort than in
the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
anti platelet lipid lowering 32
lipid lowering anti platelet 24.1
lipid lowering - 16.8
anti platelet - 10.2

2-Reyascularization
/ urgery

_essatiol

-Revascularization - HCX‘
Revascu

- 3-Revascularization
%iﬁtelct

SUrger

ROV ularizich

Cessation Cessation

Figure 1. Sankey plot for the STARR data, depicting the flow of treatments between the patients that experienced
amputation and those who did not experience any amputation. Thickness of the pathway indicates the percent-
age of patients experiencing the treatment, the size of the amputation cohort is visually larger here due to the
Data normalized at the cohort and node levels: cohort normalization adjusts sequence counts by total cohort
size, while node normalization ensures flow values sum to 1 at each node, enabling visual comparison of path-
way proportions as stated in “2.3 Data Preprocessing” section.

Figure 2 is a Sankey diagram of treatment sequences in the All of Us dataset. Table 4 illustrates
dominant pathways that leads to amputation that can be observed in the Figure 2:
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Table 4. Pathways in the All of Us Dataset, that exhibit higher prevalence in the amputation cohort than in the
non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Endovascular revasculariza- 13.6
tion '
E 1 lariza-
ndovascu a? FeVasCUiatizZaT - Revascularization surgery - 6.25
tion
Lipid lowering Anti platelet Endovascular revascularization 3.98
Anti platelet Lipid lowering Endovascular revascularization 2.84

Table 5 illustrates the dominant pathways that do not lead to amputations in the All of Us Da-
taset.

Table 5. Pathways in the All of Us Dataset, that exhibit higher prevalence in the non-amputation cohort than in
the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 27.29
anti platelet - 23
Anti platelet Lipid lowering 22
Lipid lowering - 14
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Figure 2. Sankey plot for the All of Us data, depicting the flow of treatments between the patients that experi-
enced amputation and those who did not experience any amputation. Thickness of the pathway indicates the
percentage of patients experiencing the treatment, the size of the amputation cohort is visually larger here due
to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence counts by total
cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual comparison of
pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep amber are the
amputation pathways and those colored in pine green are non-amputation pathways.

3. Analysis

The comparative analysis of treatment pathways between the STARR and All of Us datasets re-
veal variations in the frequencies of sequences leading to amputation or non-amputation outcomes.
In both datasets, the administration of anti-platelet and lipid-lowering medications is a prominent
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feature of the most prevalent treatment pathways, particularly those leading to non-amputation out-
comes. Table 6 illustrates that the anti-platelet therapy followed by lipid lowering has been echoed
similarly in both the datasets. This consistency across datasets underscores the effectiveness of these
initial treatments in preventing severe outcomes.

Table 6. comparative analysis in non-amputation cohort in both the Datasets for the sequence of Anti-platelet
— Lipid-lowering.

Dataset Treatment Sequence Non-Amputation Rate (%)
STARR Anti-platelet — Lipid-lowering 32.29
All of Us Anti-platelet — Lipid-lowering 21.93

However, when examining pathways leading to amputation, the patterns diverge more notice-
ably between the two datasets. In the STARR data, simpler treatment sequences, such as those in-
volving only anti-platelet or lipid-lowering therapies, are relatively common. These findings suggest
that in the STARR cohort, there may be a higher incidence of cases where initial medical management
fails to prevent amputation, potentially due to the complexity or progression of the underlying con-
ditions.

In contrast, the All of Us data shows a broader and more complex range of treatment sequences
leading to amputation, particularly those involving revascularization procedures as stated in Table
7. Notably, the pathway involving endovascular revascularization alone accounts for 13.64% of am-
putations, highlighting its significant role in this cohort. Additionally, more complex sequences, such
as those combining anti-platelet, lipid-lowering, and endovascular revascularization, are more com-
mon in the All of Us data, suggesting a more aggressive or multifaceted approach to treatment. The
presence of these complex pathways indicates that patients in the All of Us dataset may present with
more advanced disease or that clinicians are more likely to pursue multiple interventions before re-
sorting to amputation.

Table 7. Treatment sequences for amputation outcomes in both datasets.

Dataset Treatment Sequence Amputation Rate (%)
STARR Anti-platelet — Lipid-lowering 25.97

STARR Lipid-lowering 15.58
All of Us Endovascular Revascularization 13.64

E 1 larizati R lariza-
All of Us ndovascular Revas.cu arization — Revasculariza -
tion Surgery

All of Us data includes sequences where revascularization, both endovascular and surgical, is
more frequently associated with amputation outcomes. For instance, the sequence endovascular re-
vascularization and revascularization surgery appears in 6.25% of amputation cases, which is rela-
tively high compared to the absence of this treatment sequence in the STARR data as mentioned in
Table 8. However, in the STARR dataset, the sequences with revascularization procedures can be
found with other treatment procedures like anti platelet, lipid lowering. This difference could reflect
a variation in the timing or criteria for surgical interventions between the two cohorts. The STARR
dataset exhibits fewer sequential interventions, particularly in cases leading to non-amputation,
where simpler combinations of anti-platelet and lipid-lowering therapies are more common. In con-
trast, the All of Us data demonstrates a higher incidence of pathways involving multiple, complex
treatments, particularly in the sequences leading to amputation, where revascularization procedures
play a prominent role.
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Table 8. Comparative Analysis of Revascularization Interventions in amputation cohorts of both datasets.

Dataset Revascularization Sequence Amputation Rate (%)

STARR Occurrence of revascularization procedures alone 0.0

All of Us Endovascular Revas.cularlzatlon — Revasculariza- 6.43
tion Surgery

In summary as given in Table 9, while both datasets highlight the importance of anti-platelet
and lipid-lowering therapies in managing patients at risk of amputation, the All of Us data shows a
higher incidence of revascularization procedures leading to amputation. These differences may re-
flect variations in patient populations, disease severity, or treatment practices. Understanding these
variations may inform tailored treatment strategies aimed at improving patient outcomes and reduc-
ing the incidence of amputation.

Table 9. Peripheral Overview of variations in treatment pathways in both datasets.

Dataset Common Treatment Patterns in Amputation cohort
STARR Anti-platelet and lipid-lowering therapies
All of Us Revascularization Procedures

3.1. Odds Ratio Analysis of Treatment Pathways

To further explore the relationship between treatment pathways and outcomes, an odds ratio
analysis was performed. The odds ratio provides a measure of the association between a particular
treatment pathway and the likelihood of amputation or non-amputation outcomes. An odds ratio
greater than 1 indicates a higher likelihood of the amputation outcome, while an odds ratio less than
1 indicates a lower likelihood of amputation outcome. The odds ratio was calculated by comparing
the frequency counts of amputation and non-amputation outcomes in the STARR and All of Us da-
tasets, utilizing a 2x2 contingency table, focusing on the pathways that lower the risk of amputation.
Table 10 shows a few treatment pathways from the odds ratio analysis upon the STARR data, that
likely lower the risk of amputations.

Table 10. Treatment pathways from odds ratio analysis in the STARR data with odds ratio between 0 and 1,
lowering the amputation risk.

Pathway Odds Ratio
Lipid-lowering, Anti-platelet, Revascularization Surgery 0.83
Anti-platelet, Lipid-lowering, Revascularization Surgery 0.81
Lipid-lowering, Anti-platelet 0.70
Anti-platelet, Lipid-lowering 0.62
Lipid-lowering, Anti-platelet, Endovascular Revascularization 0.60

The pathway consisting of lipid-lowering therapy, anti-platelet therapy, and surgical revascu-
larization has an odds ratio of 0.83, indicating a lower likelihood of amputation. This suggests that
this treatment sequence is effective in reducing severe outcomes in patients with peripheral artery
disease (PAD). Similarly, the combination of anti-platelet therapy, lipid-lowering medication, and
surgical revascularization has an odds ratio of 0.81, highlighting its effectiveness in lowering the risk
of amputation.

The use of lipid-lowering therapy combined with anti-platelet therapy alone results in an odds
ratio of 0.70, further supporting the benefits of combining these treatments in reducing the risk of
amputation. In another case, anti-platelet therapy followed by lipid-lowering medication has an odds
ratio of 0.62, emphasizing the positive impact of these treatments on non-amputation outcomes. The
sequence involving lipid-lowering therapy, anti-platelet therapy, and endovascular revascularization
shows an odds ratio of 0.60, reinforcing the idea that these pathways play a critical role in lowering
the risk of amputation in patients with PAD.
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The odds ratio analysis of the “All of Us” data reveals some notable contrasts and similarities
when compared with the STARR data. The “All of Us” data presents an odds ratio of 0.35 for anti-
platelet therapy, i.e., a probability of 0.26, indicating a lower likelihood of amputation. The top few
rows of the analysis upon All of Us data are as follows in Table 11.

Table 11. Treatment pathways from odds ratio analysis in the All of Us data with odds ratio between 0 and 1,
lowering the amputation risk.

Pathway Odds Ratio
Anti-platelet 0.35
Anti-platelet, Lipid-lowering 0.53
Lipid-lowering 0.34

The combination of anti-platelet therapy and lipid-lowering medication is highlighted in both
datasets as an effective treatment sequence. In the STARR data, this combination yielded an odds
ratio of 0.62, i.e., probability of 0.38, indicating a lower likelihood of amputation. The “All of Us” data
reinforces this finding with an odds ratio of 0.53, i.e., probability of 0.35, indicating lower likelihood
of amputations, further underscoring the effectiveness of this treatment combination in mitigating
the risk of severe outcomes.

The pathway consisting of Lipid-lowering treatment alone has an odds ratio of 0.34, i.e., a prob-
ability of 0.25, highlighting the effectiveness of the treatment in reducing the risk of amputation.

In the STARR data, the combination of anti-platelet therapy, lipid-lowering medication, and
endovascular revascularization showed an odds ratio of 3.21, i.e., probability of 0.76, indicating a
higher likelihood of amputation. This suggested that this sequence was associated with more severe
cases, where multiple interventions were necessary. The “All of Us” data similarly shows a significant
association with an odds ratio of 3.55, i.e., probability of 0.78, reflecting the use of this combination
in complex cases that require aggressive treatment strategies.

Another noteworthy comparison is the pathway involving revascularization, both endovascular
and surgical. In the STARR data, the pathway starting with anti-platelet therapy followed by surgical
revascularization showed a significant odds ratio of 6.41, i.e., probability of 0.87, indicating a higher
likelihood of amputation. This result highlighted the critical need for effective blood flow restoration
in severe cases. The “All of Us” data presents a similar trend, with an even higher odds ratio of 6.69,
i.e., probability of 0.87, for the combination of anti-platelet therapy and endovascular revasculariza-
tion. This suggests that the association between these treatment sequences and the likelihood of am-
putation is consistent across different populations.

The analysis also reveals that in both datasets, more complex pathways involving multiple in-
terventions tend to be associated with a higher likelihood of amputation. For instance, the combina-
tion of surgical revascularization and lipid-lowering medication in the STARR data showed an odds
ratio of 10.18, i.e., probability of 0.91, further increased when anti-platelet therapy and endovascular
revascularization were added. The “All of Us” data similarly shows high odds ratios for these com-
plex pathways, reflecting the necessity for a robust, multi-pronged approach in treating patients with
severe cerebrovascular disease.

These findings from the “All of Us” data complement and extend the results from the STARR
analysis. Both datasets underscore the importance of certain treatment sequences in managing cardi-
ovascular conditions and highlight their significant associations with either preventing or leading to
amputation. The odds ratio analysis provides a deeper understanding of the relative risks associated
with different pathways, aiding clinicians in making informed decisions about the most effective
treatment strategies for their patients.

3.2. Confounder Analysis of Treatment Pathways in PAD

To further enhance our insights from the visualizations in PAD, we identified confounders such
as age (> 50, <= 50, > 65, <= 65), gender(male, female), race(white, black, Asian), smoking habit, and
risk factors like diabetes, hypertension, heart failure, cerebrovascular disease, Hyperlipidemia and
coronary artery disease, within the PAD cohort. We filtered the PAD patients based on these con-
founders and visualized the treatment pathways for each risk factor-specific cohort, in a manner like
the visualizations of the entire PAD cohort presented earlier.
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Tables 12 and 13 describe the patient counts from the risk factor cohorts we have built.

Table 12. Patient counts in STARR data - risk factors.

STARR data with PAD

cohort patients count with amputation Patient count with non-amputation
STARR PAD cohort 77 5504
PAD with diabetes 54 1936
PAD with heart failure 26 1270
PAD with hypertension 56 3812
PAD with cerebrovascular disease 26 1749
PAD with coronary artery disease 43 2500
PAD with Hyperlipidemia 76 4941
Patients with age > 50 74 5239
Patients with age <= 50 3 265
Patients with age > 65 51 3649
Patients with age <= 65 26 1855
Male Patient cohort 56 2195
Female Patient cohort 21 2116
Patients who ri}]o}c:il;teed their race as 39 3304
Patients who rili);)zlt(ed their race as 14 297
Patients who rlefsti);;ed their race as 4 704
Patients who smoke 72 5143

Table 13. Patient counts in All of Us data - risk factors.

All of Us data with PAD

cohort patients count with amputation Patient count with non-amputation
All of Us PAD cohort 176 4085
PAD with diabetes 160 2780
PAD with heart failure 106 1812
PAD with hypertension 173 3853
PAD with cerebrovascular disease 117 2454
PAD with coronary artery disease 143 2947
PAD with Hyperlipidemia 170 3902
Patients with age > 50 140 3276
Patients with age <= 50 36 809
Patients with age > 65 54 1152
Patients with age <= 65 122 2933
Male Patient cohort 105 1889

Female Patient cohort 66 2063
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Patients who reported their race as

78 2437
white
Patients who reported their race as 7 1009
black
Patients who reported their race as
. 1 39
Asian
Patients who smoke 78 1205

3.2.1. Hypertension Analysis of Treatment Pathways in PAD

Figure 3 is a Sankey diagram of treatment sequences in PAD patients with Hypertension cohort
in our STARR dataset. Tables 14 and 15 describe the dominant pathways that lead to amputation and
non-amputation which can be observed from the figure.

In the STARR dataset, PAD patients with hypertension show amputation rates comparable to or
slightly better than the general PAD population when combination therapies are used. For example,
Antiplatelet — Revascularization Surgery — Lipid Lowering and Antiplatelet — Lipid Lowering —
Endovascular Revascularization both result in an amputation rate of 7.14%, which aligns closely with
the general PAD rate of 7.79%. The most effective pathway, Revascularization Surgery — Lipid Low-
ering — Antiplatelet — Endovascular Revascularization, achieves the lowest amputation rate of
1.79%. These results suggest that multi-modal approaches can effectively manage PAD in hyperten-
sive patients, potentially yielding better outcomes than for the general population.

Non-amputation outcomes for hypertensive PAD patients in the STARR dataset are strong, par-
ticularly for combination therapies. Antiplatelet — Lipid Lowering achieves the highest non-ampu-
tation rate of 33%, slightly exceeding the general PAD rate of 32%. Similarly, Lipid Lowering — An-
tiplatelet produces a non-amputation rate of 27%, outperforming the general PAD rate of 24.1%.
Standalone treatments, such as Lipid Lowering alone (15%) and Antiplatelet alone (7.28%), yield out-
comes comparable to general PAD data, reinforcing the efficacy of combination therapies in improv-
ing non-amputation rates.

Table 14. Pathways in PAD with Hypertension cohort in the STARR Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
A tati
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Stage 4 Treatment IEE:; ?o /l;) n
o
R larizati -
Anti platelet evasciiarization sut Lipid lowering - 7.14
gery
. - . Endovascular revascu-
Anti platelet Lipid lowering . - 7.14
larization
R larizati -
evascularization sur Lipid lowering ) ) 1.79
gery
R larizati - End 1 -
evasciiarization sut Lipid lowering Anti platelet ndovaseuiar re 1.79
gery vascularization

Table 15. Pathways in PAD with Hypertension cohort in the STARR Dataset, whose prevalence is higher in the
non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
anti platelet lipid lowering 33
lipid lowering anti platelet 27
lipid lowering - 15

Anti platelet - 7.28
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Figure 3. Sankey plot for the PAD with Hypertension in STARR data, depicting the flow of treatments between
the patients that experienced amputation and those who did not experience any amputation. Thickness of the
pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is
visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts se-
quence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling
visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in
deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 4 is a Sankey diagram of treatment sequences in PAD with Hypertension cohort in our
All of Us dataset. Tables 16 and 17 illustrate the dominant pathways that lead to amputation and non-
amputation that can be observed from the figure.

In the All of Us dataset, hypertensive PAD patients experience slightly higher amputation rates
for standalone treatments compared to the general PAD population. Endovascular Revascularization
alone results in an amputation rate of 13.29%, slightly better than the general PAD rate of 13.6%.
However, multi-modal strategies appear to significantly reduce amputation risks. For instance, Endo-
vascular Revascularization — Revascularization Surgery achieves an amputation rate of 6.36%,
closely aligning with the general PAD rate of 6.25%. The most effective pathway, Lipid Lowering —
Anti platelet — Revascularization Surgery, produces the lowest amputation rate of 2.31%.

Non-amputation outcomes for hypertensive PAD patients in the All of Us dataset are competitive
with general PAD outcomes. Lipid Lowering — Antiplatelet achieves the highest non-amputation
rate of 28%, slightly above the general PAD rate of 27.29%. Simpler sequences, such as Antiplatelet
alone (22%) and Antiplatelet — Lipid Lowering (22%), align closely with the general PAD rates of
23% and 22%. Standalone Lipid Lowering results in a non-amputation rate of 14%, consistent with
the general PAD population.

Table 16. Pathways in PAD with Hypertension cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)

Endovascula? revasculari- ) i 13.29

zation
E 1 lari-

ndovascu a? Fevaseliat™  Revascularization surgery - 6.36

zation
E lar R lari-
Lipid lowering Anti platelet ndovascular Revasculari 4.05

zation

Lipid lowering Anti platelet Revascularization surgery 2.31
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Table 17. Pathways in PAD with Hypertension cohort in the All of Us Dataset, whose prevalence is higher in the
non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 28
Anti platelet - 22
Anti platelet Lipid lowering 22
Lipid lowering - 14
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Figure 4. Sankey plot for the PAD with Hypertension in All of Us data, depicting the flow of treatments between
the patients that experienced amputation and those who did not experience any amputation. Thickness of the
pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is
visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts se-
quence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling
visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section . Pathways colored in
deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.2. Diabetes Analysis of Treatment Pathways in PAD

Figure 5 is a Sankey diagram of treatment sequences in PAD patients with Diabetes cohort in
our STARR dataset. Tables 18 and 19 illustrate the dominant pathways that lead to amputation and
non-amputation which can be observed from the figure.

In the STARR dataset, diabetic PAD patients show slightly elevated amputation rates compared
to the general PAD population, particularly for combination therapies. For instance, Antiplatelet —
Lipid Lowering — Endovascular Revascularization results in an amputation rate of 9.26%, higher
than the general PAD rate of 7.79% for the same sequence. Antiplatelet — Revascularization Surgery
— Lipid Lowering achieves a better amputation rate of 5.56%, closely aligning with the general PAD
rate of 5.19%. The most effective pathways, Lipid Lowering — Antiplatelet — Endovascular Revas-
cularization and Revascularization Surgery — Lipid Lowering — Antiplatelet, yield the lowest am-
putation rate of 3.7%, which is worse than the general PAD rate of 2.6% but indicates the benefits of
multi-modal approaches for diabetic patients.

Non-amputation outcomes in the STARR dataset for diabetic PAD patients are strong, especially
with combination therapies. Antiplatelet — Lipid Lowering produces the highest non-amputation
rate of 33%, outperforming the general PAD rate of 32%. Similarly, Lipid Lowering — Antiplatelet
achieves 31%, better than the general PAD rate of 24.1%. However, standalone treatments, such as
Lipid Lowering alone (15%) and Antiplatelet alone (4.7%), are less effective, aligning poorly with the
general PAD rates of 16.8% and 10.2%. These findings underscore the importance of combination
therapies in improving non-amputation outcomes for diabetic PAD patients.
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Table 18. Pathways in PAD with Diabetes cohort in the STARR Dataset, whose prevalence is higher in the am-
putation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Anti platelet Lipid lowering Endovascular revascularization 9.26
Anti platelet Revascul;zi:;tion sut Lipid lowering 5.56
Lipid lowering Anti platelet Endovascular revascularization 3.7

Revascularization sur-

gery Lipid lowering Anti platelet 3.7

Table 19. Pathways in PAD with Diabetes cohort in the STARR Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
anti platelet lipid lowering 33
lipid lowering anti platelet 31
lipid lowering - 15
Anti platelet - 4.7
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Figure 5. Sankey plot for the PAD with Diabetes in STARR data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 6 is a Sankey diagram of treatment sequences in PAD with Diabetes cohort in our All of
Us dataset. Tables 20 and 21 illustrate the dominant pathways that lead to amputation and non-am-
putation that can be observed from the figure.

In the All of Us dataset, diabetic PAD patients experience higher amputation rates for standalone
treatments compared to the general PAD population. Endovascular Revascularization alone results
in an amputation rate of 13.75%, higher than the general PAD rate of 13.6%. However, combination
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therapies significantly improve outcomes. Endovascular Revascularization — Revascularization Sur-
gery lowers the rate to 5.62%, closely aligning with the general PAD rate of 6.25%. The best outcome
is achieved with Lipid Lowering — Antiplatelet — Endovascular Revascularization and Lipid Low-
ering — Antiplatelet, which achieve amputation rates of 3.7% and 1.8%, respectively, demonstrating
the efficacy of comprehensive pharmacological and surgical interventions in diabetic patients.

Non-amputation outcomes in the All of Us dataset for diabetic patients are competitive but
slightly lower than the general PAD population for some pathways. Lipid Lowering — Antiplatelet
achieves the highest non-amputation rate of 29%, slightly above the general PAD rate of 27.29%.
Other pathways, such as Antiplatelet — Lipid Lowering (23%) and Antiplatelet alone (21%), align
closely with the general PAD rates of 22% and 23%. Standalone Lipid Lowering produces a non-
amputation rate of 13%, falling below the general PAD rate of 14%, indicating that combination ther-
apies remain crucial for diabetic PAD patients.

Table 20. Pathways in PAD with Diabetes cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Endovasc.ulal.: revascu- i i 13.75
larization
Endovascular revascu- Revascularization sur- 5.62
larization gery ’
Lipid lowering Anti platelet Endovascular revascularization 3.7
Lipid lowering antiplatelet Anti platelet 1.8

Table 21. Pathways in PAD with Diabetes cohort in the All of Us Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 29
Anti platelet Lipid lowering 23
Anti platelet - 21
Lipid lowering - 13
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Figure 6. Sankey plot for the PAD with Diabetes in All of Us data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the
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pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is
visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts se-
quence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling
visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in
deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.3. Heart Failure Analysis of Treatment Pathways in PAD

Figure 7 is a Sankey diagram of treatment sequences in PAD patients with heart failure cohort
in our STARR dataset. Tables 22 and 23 illustrate the dominant pathways that lead to amputation
and non-amputation which can be observed from the figure.

In the STARR dataset, PAD patients with heart failure experience significantly elevated ampu-
tation rates compared to the general PAD population. Antiplatelet — Lipid Lowering — Endovascu-
lar Revascularization results in an amputation rate of 19.23%, which is much higher than the general
PAD rate of 7.79% for a similar sequence. Standalone Lipid Lowering achieves an amputation rate of
11.54%. The most effective pathway, Lipid Lowering — Antiplatelet — Endovascular Revasculariza-
tion, reduces the rate to 7.69%. These findings highlight the greater challenges associated with man-
aging PAD in patients with heart failure, particularly the increased risk of amputations.

Non-amputation outcomes for heart failure patients in the STARR dataset are relatively strong,
particularly for combination therapies. Antiplatelet — Lipid Lowering achieves the highest non-am-
putation rate of 39%, significantly outperforming the general PAD rate of 32%. Lipid Lowering —
Antiplatelet produces a non-amputation rate of 28%, better than the general PAD rate of 24.1%. How-
ever, standalone treatments such as Antiplatelet alone (7.43%) yield far poorer results than the gen-
eral PAD rate of 10.2%, underscoring the necessity of combination therapies to achieve optimal out-
comes.

Table 22. Pathways in PAD with Heart Failure cohort in the STARR Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Anti platelet Lipid lowering Endovascular revascularization 19.23
Lipid lowering - - 11.54
Lipid lowering Anti platelet Endovascular revascularization 7.69

Table 23. Pathways in PAD with Heart Failure cohort in the STARR Dataset, whose prevalence is higher in the
non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
anti platelet lipid lowering 39
lipid lowering anti platelet 28

Anti platelet - 7.43



https://doi.org/10.20944/preprints202412.2649.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2025 d0i:10.20944/preprints202412.2649.v1

.<Endovascular_—>
Revascularization

Figure 7. Sankey plot for the PAD with Heart Failure in STARR data, depicting the flow of treatments between
the patients that experienced amputation and those who did not experience any amputation. Thickness of the
pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is
visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts se-
quence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling
visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in
deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 8 is a Sankey diagram of treatment sequences in PAD with Heart Failure cohort in our
All of Us dataset. Tables 24 and 25 illustrate the dominant pathways that lead to amputation and non-
amputation that can be observed from the figure.

In the All of Us dataset, PAD patients with heart failure also experience elevated amputation
rates for standalone treatments. Endovascular Revascularization alone results in an amputation rate
of 14.15%, worse than the general PAD rate of 13.6%. However, combination therapies yield signifi-
cantly better outcomes. Endovascular Revascularization — Revascularization Surgery reduces the
rate to 7.55%, aligning closely with the general PAD rate of 6.25%. The most effective pathway, An-
tiplatelet — Lipid Lowering — Endovascular Revascularization, achieves an amputation rate of
2.83%, demonstrating the importance of multi-modal strategies for heart failure patients.

Non-amputation outcomes in the All of Us dataset for heart failure patients are comparable to or
slightly worse than the general PAD population. Lipid Lowering — Antiplatelet achieves the highest
non-amputation rate of 30%, slightly better than the general PAD rate of 27.29%. Simpler pathways,
such as Antiplatelet — Lipid Lowering (25%) and Antiplatelet alone (20%), are relative to the general
PAD rates of 22% and 23%, respectively. These results suggest that while pharmacological strategies
remain effective, standalone treatments are less effective for heart failure patients.

Table 24. Pathways in PAD with Heart Failure cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Endovasc'ula? revascu- i ) 1415
larization
Endovascular revascu-  Revascularization sur- ) 755

larization gery

Anti platelet Lipid lowering Endovascular revascularization 2.83
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Table 25. Pathways in PAD with Heart Failure cohort in the All of Us Dataset, whose prevalence is higher in the
non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 30
Anti platelet Lipid lowering 25
Anti platelet - 20
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Figure 8. Sankey plot for the PAD with Heart Failure in All of Us data, depicting the flow of treatments between
the patients that experienced amputation and those who did not experience any amputation. Thickness of the
pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is
visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts se-
quence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling
visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in
deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.4. Cerebrovascular Disease Analysis of Treatment Pathways in PAD

Figure 9 is a Sankey diagram of treatment sequences in PAD patients with Cerebrovascular dis-
ease cohort in our STARR dataset. Tables 26 and 27 illustrate the dominant pathways that lead to
amputation and non-amputation which can be observed from the figure.

CVD significantly elevates amputation rates compared to general PAD data, especially with less
comprehensive treatments. For example, Lipid Lowering followed by Antiplatelet results in the high-
est amputation rate of 30.77%. However, integrating Endovascular Revascularization alongside An-
tiplatelet and Lipid Lowering reduces the amputation rate to 11.54%, which is still notably worse
than the general PAD rate of 7.79% for similar sequences. The most effective pathways involve Re-
vascularization Surgery combined with Lipid Lowering and Antiplatelet, achieving an amputation
rate of 7.69%. This comparison underscores the critical importance of surgical interventions in im-
proving outcomes for CVD patients, though the rates remain higher than in the general population.

Non-amputation rates for CVD patients in the STARR dataset are also significantly impacted.
The highest rate of 35%, achieved with Antiplatelet followed by Lipid Lowering, is comparable to the
general PAD rate of 32% for the same combination, indicating that pharmacological strategies remain
effective for some CVD patients. However, outcomes decline sharply with less comprehensive ap-
proaches; for instance, Lipid Lowering alone yields a non-amputation rate of just 8.5%, far lower than
the 16.8% seen in general PAD patients. This stark contrast emphasizes the diminished effectiveness
of standalone treatments for CVD patients, highlighting the need for combination therapies to im-
prove outcomes in this group.
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Table 26. Pathways in PAD with Cerebrovascular disease cohort in the STARR Dataset, whose prevalence is
higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Lipid lowering Anti platelet - 30.77
Anti platelet Lipid lowering Endovascular revascularization 11.54
Anti platelet Revascul;zi:;tion SH” Lipid lowering 7.69
Anti platelet - - 7.69

Table 27. Pathways in PAD with Cerebrovascular disease cohort in the STARR Dataset, whose prevalence is
higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
anti platelet lipid lowering 35
lipid lowering - 8.5
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Figure 9. Sankey plot for the PAD with Cerebrovascular disease in STARR data, depicting the flow of treatments
between the patients that experienced amputation and those who did not experience any amputation. Thickness
of the pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort
is visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts
sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, ena-
bling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored
in deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 10 is a Sankey diagram of treatment sequences in PAD with Cerebrovascular disease co-
hort in our All of Us dataset. Tables 28 and 29 illustrate the dominant pathways that lead to amputa-
tion and non-amputation which can be observed from the figure.

In the All of Us dataset, Endovascular Revascularization used alone leads to an amputation rate
of 14.53%, slightly worse than the 13.6% observed in the general PAD population, showing that CVD
adds complexity to PAD management even in cases of surgical intervention. Adding Revasculariza-
tion Surgery reduces the amputation rate to 6.84%, a marked improvement but still higher than the
6.25% for similar pathways in general PAD patients. The best outcomes are achieved with a compre-
hensive sequence involving Lipid Lowering, Antiplatelet, and Endovascular Revascularization,
yielding an amputation rate of 5.13%, which is competitive with the general PAD outcome of 3.98%
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for similar sequences. This suggests that while aggressive multi-modal approaches are effective for
CVD patients, they may not entirely offset the increased risks associated with the condition.

For non-amputation outcomes, Lipid Lowering followed by Antiplatelet produces the highest
rate at 27%, close to the 27.29% seen in general PAD data. Other sequences, such as Antiplatelet alone
or Antiplatelet followed by Lipid Lowering, result in non-amputation rates of 21% and 23%, respec-
tively, which are slightly lower than the 23% and 22% observed in general PAD outcomes. Interest-
ingly, standalone Lipid Lowering achieves a non-amputation rate of 12%, which is below the 14% for
general PAD patients, again reinforcing the importance of combination therapies in improving out-
comes for CVD patients.

Table 28. Pathways in PAD with Cerebrovascular disease cohort in the All of Us Dataset, whose prevalence is
higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
End 1 -
n ovasc.u a? revascu i i 1453
larization
Endovascular revascu- Revascularization sur- 6.84
larization gery '
Lipid lowering Anti platelet Endovascular revascularization 5.13

Table 29. Pathways in PAD with Cerebrovascular disease cohort in the All of Us Dataset, whose prevalence is
higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
lipid lowering anti platelet 27
Anti platelet Lipid lowering 23
Anti platelet - 21
Lipid lowering - 12
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Figure 10. Sankey plot for the PAD with Cerebrovascular disease in All of Us data, depicting the flow of treat-
ments between the patients that experienced amputation and those who did not experience any amputation.
Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size of the ampu-
tation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort normaliza-
tion adjusts sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each
node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section.
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Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-ampu-
tation pathways.

3.2.5. Coronary Artery Disease Analysis of Treatment Pathways in PAD

Figure 11 is a Sankey diagram of treatment sequences in PAD patients with coronary artery dis-
ease cohort in our STARR dataset. Tables 30 and 31 illustrate the dominant pathways that lead to
amputation and non-amputation which can be observed from the figure.

In the STARR dataset, CAD significantly impacts the effectiveness of PAD treatment pathways,
particularly with less comprehensive approaches. For example, Antiplatelet followed by Lipid Low-
ering and Endovascular Revascularization results in an amputation rate of 13.95%, notably higher
than the general PAD rate of 7.79% for similar sequences. However, more aggressive combinations
such as Revascularization Surgery, Lipid Lowering, and Antiplatelet reduce the amputation rate sig-
nificantly to 4.65%, which is closer to the lower end of general PAD outcomes (e.g., 2.6%). This
demonstrates that multi-modal strategies involving surgical intervention are crucial in managing
PAD in CAD patients, though they still do not perform as well as in the general population.

Non-amputation rates for CAD patients in the STARR dataset are strikingly high when combi-
nation therapies are used. For instance, Antiplatelet followed by Lipid Lowering achieves a non-am-
putation rate of 40%, outperforming the general PAD rate of 32% for the same sequence. However,
less aggressive pathways, such as Lipid Lowering followed by Antiplatelet, achieve only 30%, which
is comparable to the upper range of general PAD outcomes. These results indicate that CAD patients
benefit significantly from carefully sequenced combination therapies, whereas standalone ap-
proaches may lead to suboptimal outcomes.

Table 30. Pathways in PAD with coronary artery disease cohort in the STARR Dataset, whose prevalence is
higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
End 1 lari-

Anti platelet Lipid lowering ndovaset a1'~ revascuiatt 13.95
zation

Anti platelet Revascularization surgery Lipid lowering 4.65

Lipid lowering Anti platelet Endovascula1" revasculari- 4.65
zation

Revascularization surgery Lipid lowering Anti platelet 4.65

Table 31. Pathways in PAD with coronary artery disease cohort in the STARR Dataset, whose prevalence is
higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)

anti platelet lipid lowering 40

lipid lowering anti platelet 30
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Figure 11. Sankey plot for the PAD with Coronary artery disease in STARR data, depicting the flow of treatments
between the patients that experienced amputation and those who did not experience any amputation. Thickness
of the pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort
is visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts
sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, ena-
bling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored
in deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 12 is a Sankey diagram of treatment sequences in PAD with Coronary artery disease co-
hort in our All of Us dataset. Tables 32 and 33 illustrate the dominant pathways that lead to amputa-
tion and non-amputation which can be observed from the figure.

In the All of Us dataset, Endovascular Revascularization alone results in the highest amputation
rate of 15.38%, which is higher than the general PAD rate of 13.6% for the same treatment. However,
adding Revascularization Surgery reduces the rate to 6.36%, and the lowest amputation rate of 2.1%
is achieved with Antiplatelet followed by Endovascular Revascularization. This combination sug-
gests that surgical and pharmacological interventions, when properly sequenced, can be particularly
effective for CAD patients.

For non-amputation outcomes, the best results are seen with Lipid Lowering followed by An-
tiplatelet, achieving a non-amputation rate of 29%, which is slightly better than the 27.29% observed
for general PAD patients. Single-agent therapies, such as Antiplatelet alone, achieve 20%, while Lipid
Lowering alone yields only 11%, which is notably worse than the general PAD rate of 14% for similar
standalone treatments. These findings reinforce the importance of combination therapies in manag-
ing PAD in CAD patients.

Table 32. Pathways in PAD with Coronary artery disease cohort in the All of Us Dataset, whose prevalence is
higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
E 1 lariza-
ndovascu ar revasculariza i i 15.38
tion
E 1 lariza-
ndovascu a¥ revascuiatizar - pevascularization surgery - 6.36
tion
E lar R lari-
Lipid lowering Anti platelet ndovascular Revasculari 3.5

zation

Endovascular revasculariza-
Anti platelet vasct t'onv vanz - 21
1
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Table 33. Pathways in PAD with Coronary artery disease cohort in the All of Us Dataset, whose prevalence is
higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 29
Anti platelet Lipid lowering 25
Anti platelet - 20
Lipid lowering - 11
~Endoyascula

Revascularization
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Figure 12. Sankey plot for the PAD with Coronary artery disease in All of Us data, depicting the flow of treat-
ments between the patients that experienced amputation and those who did not experience any amputation.
Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size of the ampu-
tation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort normaliza-
tion adjusts sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each
node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Path-
ways colored in deep amber are the amputation pathways and those colored in pine green are non-amputation
pathways.

3.2.6. Hyperlipidemia Analysis of Treatment Pathways in PAD

Figure 13 is a Sankey diagram of treatment sequences in PAD patients with Hyperlipidemia
cohort in our STARR dataset. Tables 34 and 35 illustrate the dominant pathways that lead to ampu-
tation and non-amputation which can be observed from the figure.

In the STARR dataset, hyperlipidemia (HLD) patients show varied amputation outcomes based
on the treatment pathway. The combination of Antiplatelet — Lipid Lowering — Endovascular Re-
vascularization results in an amputation rate of 7.89%, which aligns closely with the general PAD
rate of 7.79% for the same sequence. However, introducing Revascularization Surgery reduces the
rate to 5.26%, and the lowest amputation rate of 2.63% is achieved with the pathway Revasculariza-
tion Surgery — Lipid Lowering — Antiplatelet. This shows that surgical interventions, when com-
bined with pharmacological therapies, provide superior outcomes for HLD patients, closely match-
ing the lower end of general PAD outcomes (e.g., 1.3%).

Non-amputation outcomes are notably strong in HLD patients. The highest rate of 35.80% is
achieved with Antiplatelet followed by Lipid Lowering, outperforming the general PAD rate of 32%
for the same sequence. However, reversing the sequence to Lipid Lowering followed by Antiplatelet
achieves a lower rate of 26.72%, which is still above the general PAD equivalent of 24.1%. These find-
ings suggest that HLD patients benefit greatly from pharmacological management, with slightly im-
proved outcomes compared to the general PAD population.
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Table 34. Pathways in PAD with Hyperlipidemia cohort in the STARR Dataset, whose prevalence is higher in
the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Anti platelet Lipid lowering Endovasczga;;relvasculari- 7.89
Anti platelet Revascularization surgery Lipid lowering 5.26
Anti platelet - - 3.95
Revascularization surgery Lipid lowering Anti platelet 2.63

Table 35. Pathways in PAD with Hyperlipidemia cohort in the STARR Dataset, whose prevalence is higher in
the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
anti platelet lipid lowering 35.80
lipid lowering anti platelet 26.72
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Figure 13. Sankey plot for the PAD with Hyperlipidemia in STARR data, depicting the flow of treatments be-
tween the patients that experienced amputation and those who did not experience any amputation. Thickness
of the pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort
is visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts
sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, ena-
bling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored
in deep amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 14 is a Sankey diagram of treatment sequences in PAD with Hyperlipidemia cohort in
our All of Us dataset. Tables 36 and 37 illustrate the dominant pathways that lead to amputation and
non-amputation which can be observed from the figure.

In the All of Us dataset, HLD patients experience higher amputation rates when treatments are
less comprehensive. For instance, Endovascular Revascularization alone results in a rate of 14.12%,
which is slightly higher than the general PAD rate of 13.6% for the same pathway. However, inte-
grating Revascularization Surgery reduces the rate significantly to 5.88%, and the most effective path-
way, Antiplatelet — Lipid Lowering — Endovascular Revascularization, achieves a rate of 2.94%.
This is slightly worse than the general PAD rate of 2.84% for a similar sequence but demonstrates the
effectiveness of comprehensive treatment in HLD patients.
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Non-amputation outcomes for HLD patients in the All of Us dataset are competitive with general
PAD data. The highest rate of 29% is observed for Lipid Lowering followed by Antiplatelet, which
closely matches the general PAD outcome of 27.29% for the same sequence. Less effective pathways,
such as Antiplatelet alone and Lipid Lowering alone, yield non-amputation rates of 20% and 15%,
respectively, which are slightly worse than the general PAD rates of 23% and 14%. This highlights
the importance of combination therapies for improving non-amputation outcomes in HLD patients.

Table 36. Pathways in PAD with Hyperlipidemia cohort in the All of Us Dataset, whose prevalence is higher in
the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Endovasculax" revasculari- i ) 14.12
zation
End 1 lari-
neovasciial revasetiall™  Revascularization surgery - 5.88
zation
End lar R lariza-
Lipid lowering Anti platelet ndovasciial Revasculatiza 4.12
tion
. - . Endovascular revasculariza-
Anti platelet Lipid lowering 2.94

tion

Table 37. Pathways in PAD with Hyperlipidemia cohort in the All of Us Dataset, whose prevalence is higher in
the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 29
Anti platelet Lipid lowering 23
Anti platelet - 20
Lipid lowering - 15
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Figure 14. Sankey plot for the PAD with Hyperlipidemia in All of Us data, depicting the flow of treatments
between the patients that experienced amputation and those who did not experience any amputation. Thickness
of the pathway indicates the percentage of patients experiencing the treatment, the size of the amputation cohort
is visually larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts
sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each node,
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enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways
colored in deep amber are the amputation pathways and those colored in pine green are non-amputation path-
ways.

3.2.7. Analysis of Treatment Pathways in PAD Patients with Age > 50

Figure 15 is a Sankey diagram of treatment sequences in PAD filtered for patients who are aged
over 50 cohort in our STARR dataset. Tables 38 and 39 illustrate the dominant pathways that lead to
amputation and non-amputation which can be observed from the figure.

In the STARR dataset, age over 50 significantly impacts PAD treatment outcomes, particularly
in amputation pathways. For instance, Lipid Lowering alone results in the highest amputation rate
of 20.25%, which is substantially worse than the general PAD rate of 7.79% for the worst-performing
sequence. However, introducing combination therapies leads to better outcomes. For example, An-
tiplatelet — Lipid Lowering — Endovascular Revascularization reduces the amputation rate to
7.59%, which is comparable to general PAD outcomes for multi-modal treatments. The most effective
sequence, Revascularization Surgery — Lipid Lowering — Antiplatelet, achieves the lowest amputa-
tion rate of 2.53%. This highlights the importance of integrating surgical interventions and compre-
hensive pharmacological management to mitigate the increased risks associated with age.

For non-amputation outcomes, the highest rate of 32.43% is achieved with Antiplatelet followed
by Lipid Lowering, closely aligning with the general PAD rate of 32% for the same sequence. How-
ever, reversing the sequence to Lipid Lowering followed by Antiplatelet results in a non-amputation
rate of 24.31%, which is slightly better than the general PAD rate of 24.1%. This suggests that while
combination therapies remain effective for older patients, age-related complications might necessi-
tate prioritizing certain sequences for optimal outcomes.

Table 38. Pathways in PAD with age > 50 cohort in the STARR Dataset, whose prevalence is higher in the am-
putation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Lipid lowering - - 20.25
. . . Endovascular revasculari-
Anti platelet Lipid lowering . 7.59
zation

Anti platelet Revascularization surgery Lipid lowering 5.06
Revascularization surgery Lipid lowering Anti platelet 2.53

Table 39. Pathways in PAD with age > 50 cohort in the STARR Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)

anti platelet lipid lowering 32.43

lipid lowering anti platelet 24.31
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Figure 15. Sankey plot for the PAD with age > 50 in STARR data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 16 is a Sankey diagram of treatment sequences in PAD with age > 50 cohort in our All of
Us dataset. Tables 40 and 41 illustrate the dominant pathways that lead to amputation and non-am-
putation which can be observed from the figure.

In the All of Us dataset, Endovascular Revascularization alone leads to a high amputation rate of
17.14%, higher than the general PAD rate of 13.6%, indicating that age over 50 increases risks with
standalone surgical treatments. However, combining therapies significantly improves outcomes. For
instance, Lipid Lowering — Antiplatelet — Endovascular Revascularization reduces the rate to
4.29%, and Antiplatelet — Lipid Lowering — Endovascular Revascularization further lowers it to
3.57%. The best results are achieved with Revascularization Surgery alone, yielding an amputation
rate of 2.86%.

For non-amputation outcomes, the highest rate of 28.41% is observed with Lipid Lowering —
Antiplatelet, slightly exceeding the general PAD rate of 27.29%. Other sequences, such as Antiplatelet
— Lipid Lowering, achieve 21.05%, which is comparable to the general PAD rate of 22%. These find-
ings suggest that age over 50 does not drastically alter non-amputation outcomes when combination
therapies are applied but does highlight the need for sequencing optimization to address age-related
challenges.

Table 40. Pathways in PAD with age > 50 cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Endovasculali‘ revasculariza- i i 1714
tion

. . . Endovascular revasculariza-

Lipid lowering Anti platelet . 429
tion
End lar R lari-

Anti platelet Lipid lowering ndovasciat Revasciiart 3.57

zation

Revascularization surgery - - 2.86
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Table 41. Pathways in PAD with age > 50 cohort in the All of Us Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering Anti platelet 28.41
Anti platelet Lipid lowering 21.05
Anti platelet - 22.6
Lipid lowering - 15.35
1-Endovascula
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Figure 16. Sankey plot for the PAD with age > 50 in All of Us data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.8. Analysis of Treatment Pathways in PAD Patients with Age <=50

Figure 17 is a Sankey diagram of treatment sequences in PAD filtered for patients with age <=
50 cohort in our STARR dataset. Tables 42 and 43 illustrate the dominant pathways that lead to am-
putation and non-amputation which can be observed from the figure.

For patients aged 50 and younger in the STARR dataset, PAD treatment pathways show mark-
edly higher amputation rates compared to the general PAD population. Antiplatelet followed by Li-
pid Lowering results in an exceptionally high amputation rate of 66.67%. This highlights a poor re-
sponse to pharmacological therapies alone in younger patients, potentially indicating more aggres-
sive disease progression or a lack of timely intervention. A simpler sequence, Antiplatelet alone, fares
slightly better with an amputation rate of 33.33%.

Non-amputation outcomes in this age group are also less favorable compared to the general
PAD population. The highest non-amputation rate, 18.49%, is achieved with Lipid Lowering alone,
which is higher than the general PAD rate of 16.8% for this sequence. Adding Antiplatelet to Lipid
Lowering slightly reduces the non-amputation rate to 17.36% and introducing Endovascular Revas-
cularization after Antiplatelet yields only 5.28%.
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Table 42. Pathways in PAD with age <= 50 cohort in the STARR Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Amputation Rate (%)
Anti platelet Lipid lowering 66.67
Anti platelet - 33.33

Table 43. Pathways in PAD with age <= 50 cohort in the STARR Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non-Amputation Rate (%)
Lipid lowering - 18.49
Lipid lowering Anti platelet 17.36
Anti platelet Endovascular revascularization 5.28
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Figure 17. Sankey plot for the PAD with age <= 50 in STARR data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 18 is a Sankey diagram of treatment sequences in PAD with age <= 50 cohort in our All of
Us dataset. Tables 44 and 45 illustrate the dominant pathways that lead to amputation and non-am-
putation which can be observed from the figure.

In the All of Us dataset, younger patients show similarly elevated amputation rates, though out-
comes are slightly better than in the STARR dataset. Lipid Lowering followed by Antiplatelet
achieves an amputation rate of 27.78%, which, while high, is significantly better than the 66.67% ob-
served in the STARR dataset. The reverse sequence, Antiplatelet followed by Lipid Lowering, further
reduces the rate to 25%. Non-amputation outcomes are somewhat better in the All of Us dataset than
in STARR. Antiplatelet alone achieves the highest non-amputation rate of 29%, comparable to the
general PAD rate of 23%. Meanwhile, Lipid Lowering alone achieves 21.51%, which is significantly
better than the 18.49% seen in STARR for the same sequence and slightly higher than the general
PAD rate of 14%. These results suggest that younger patients in the All of Us dataset respond better
to standalone therapies than their counterparts in the STARR dataset but still lag behind general PAD
outcomes.
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Table 44. Pathways in PAD with age <= 50 cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Amputation Rate (%)
Lipid lowering Anti platelet 27.78
Anti platelet Lipid lowering 25

Table 45. Pathways in PAD with age <= 50 cohort in the All of Us Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Non-Amputation Rate (%)
Anti platelet 29
Lipid lowering 21.51
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Figure 18. Sankey plot for the PAD with age <= 50 in All of Us data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.9. Analysis of Treatment Pathways in PAD Patients with Age > 65

Figure 19 is a Sankey diagram of treatment sequences in PAD filtered for patients with age > 65
cohort in our STARR dataset. Tables 46 and 47 illustrate the dominant pathways that lead to ampu-
tation and non-amputation which can be observed from the figure.

In the STARR dataset, older PAD patients aged over 65 show significantly higher amputation
rates for certain treatment pathways compared to the general PAD population. For example, Lipid
Lowering followed by Antiplatelet results in an amputation rate of 31.37%. Integrating surgical in-
terventions proves more effective, as seen with Antiplatelet — Lipid Lowering — Endovascular Re-
vascularization, which reduces the amputation rate to 5.88%. While this is better than the higher rates
seen in the general PAD rate of 7.79% for similar combinations, suggesting that age-related factors
increase risks even with optimal treatment.

Non-amputation outcomes in older patients show better alignment with general PAD data. The
highest rate of 31.64% is achieved with Antiplatelet followed by Lipid Lowering, which is comparable
to the general PAD rate of 32% for this sequence. However, standalone treatments, such as Lipid
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Lowering alone, achieve only 18.21%, which is slightly better than the general PAD rate of 16.8% for
the same approach. These results suggest that while combination therapies remain effective for older
patients, age-related factors may reduce the efficacy of standalone strategies.

Table 46. Pathways in PAD with age > 65 cohort in the STARR Dataset, whose prevalence is higher in the am-
putation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Lipid lowering Anti platelet - 31.37
Anti platelet Lipid lowering Endovascular revascularization 5.88

Table 47. Pathways in PAD with age > 65 cohort in the STARR Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet Lipid lowering 31.64
Lipid lowering - 18.21
Anti platelet - 9.2
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Figure 19. Sankey plot for the PAD with age > 65 in STARR data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 20 is a Sankey diagram of treatment sequences in PAD with age > 65 cohort in our All of
Us dataset. Tables 48 and 49 illustrate the dominant pathways that lead to amputation and non-am-
putation which can be observed from the figure.

In the All of Us dataset, older patients face elevated amputation risks, particularly with
standalone treatments. Endovascular Revascularization alone leads to an amputation rate of 24.07%,
significantly higher than the general PAD rate of 13.6%, highlighting the added risks of surgical in-
tervention in this age group without supporting therapies. However, the combination of Endovascu-
lar Revascularization — Revascularization Surgery reduces the rate to 9.26%, and the best outcome
is achieved with Revascularization Surgery alone, yielding an amputation rate of 5.56%. While this
rate is close to the general PAD minimum of 2.84%, it still underscores the heightened risks associated
with age.


https://doi.org/10.20944/preprints202412.2649.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2025 d0i:10.20944/preprints202412.2649.v1

Non-amputation outcomes in the All of Us dataset show that combination therapies are crucial
for older patients. Lipid Lowering followed by Antiplatelet achieves the highest non-amputation rate
of 29.89%, which is slightly better than the general PAD rate of 27.29% for the same sequence. How-
ever, simpler strategies, such as Lipid Lowering alone, yield a non-amputation rate of 18.27%, which
is only marginally better than the general PAD rate of 14%. These results emphasize that while older
patients can achieve comparable outcomes with well-designed treatment pathways, standalone treat-
ments are less effective and riskier.

Table 48. Pathways in PAD with age > 65 cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Amputation Rate (%)
Endovascular revascularization - 24.07
Endovascular revascularization Revascularization surgery 9.26
Revascularization surgery - 5.56

Table 49. Pathways in PAD with age > 65 cohort in the All of Us Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 29.89
Anti platelet - 21.73
Anti platelet Lipid lowering 18.54
Lipid lowering - 18.27
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Figure 20. Sankey plot for the PAD with age > 65 in All of Us data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.10. Analysis of Treatment Pathways in PAD Patients with Age <= 65

Figure 21 is a Sankey diagram of treatment sequences in PAD filtered for patients with age <=
65 cohort in our STARR dataset. Tables 50 and 51 illustrate the dominant pathways that lead to am-
putation and non-amputation which can be observed from the figure.
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In the STARR dataset, PAD patients aged 65 and younger show elevated amputation rates for
standalone treatments compared to the general PAD population. For instance, Lipid Lowering alone
results in the highest amputation rate of 24.14%. multi-modal treatments prove far more effective.
Both Antiplatelet — Lipid Lowering — Endovascular Revascularization and Antiplatelet — Revas-
cularization Surgery — Lipid Lowering achieve an amputation rate of 6.9%, which is only slightly
higher than the general PAD rate of 5.19% for similar sequences. These findings suggest that while
younger patients may face aggressive disease progression, combination therapies help to mitigate
these risks.

Non-amputation outcomes for younger patients in the STARR dataset are promising when com-
bination therapies are used. The highest non-amputation rate, 31.86%, is achieved with Antiplatelet
followed by Lipid Lowering, closely matching the general PAD rate of 32% for the same sequence.
However, less comprehensive strategies such as Lipid Lowering followed by Antiplatelet result in a
non-amputation rate of 18.87%, which is slightly lower than the general PAD rate of 24.1%. This in-
dicates that while younger patients can achieve favorable outcomes with pharmacological strategies,
sequencing and the inclusion of surgical interventions play a crucial role in optimizing results.

Table 50. Pathways in PAD with age <= 65 cohort in the STARR Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Lipid lowering - - 24.14
Anti platelet Lipid lowering Endovascular revascularization 6.9
Anti platelet Revascularization surgery Lipid lowering 6.9

Table 51. Pathways in PAD with age <= 65 cohort in the STARR Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet Lipid lowering 31.86
Lipid lowering Anti platelet 18.87
Anti platelet - 14.34
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Figure 21. Sankey plot for the PAD with age <= 65 in STARR data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
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comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

Figure 22 is a Sankey diagram of treatment sequences in PAD with age <= 65 cohort in our All of
Us dataset. Tables 52 and 53 illustrate the dominant pathways that lead to amputation and non-am-
putation which can be observed from the figure.

In the All of Us dataset, Endovascular Revascularization alone results in an amputation rate of
10.92%, which is better than the 24.14% observed in STARR for Lipid Lowering alone but still worse
than the general PAD rate of 13.6%. The combination of Endovascular Revascularization followed by
Revascularization Surgery significantly reduces the rate to 5.04%, while the best-performing se-
quence, Lipid Lowering — Antiplatelet — Endovascular Revascularization, achieves an amputation
rate of 4.2%, closely aligning with the general PAD rate of 3.98%.

Non-amputation outcomes in the All of Us dataset highlight the effectiveness of combination
therapies. Lipid Lowering followed by Antiplatelet produces the highest non-amputation rate of
24.92%, which is slightly lower than the general PAD rate of 27.29% for this sequence. Meanwhile,
Antiplatelet alone achieves a non-amputation rate of 24.48%, comparable to the general PAD rate of
23%. However, less comprehensive strategies, such as Lipid Lowering alone, yield a rate of 18.51%,
which is higher than the general PAD rate of 14%. These results suggest that younger patients in the
All of Us dataset respond better to treatments than their counterparts in STARR but still lag behind
the general PAD population.

Table 52. Pathways in PAD with age <= 65 cohort in the All of Us Dataset, whose prevalence is higher in the
amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
E 1 lari-
ndovascu ar revasculari i i 10.92
zation
End 1 lari-
naovaset al,‘ revasciant Revascularization surgery - 5.04
zation
End 1 lariza-
Lipid lowering Anti platelet naovasciiat revasciiariza 4.2

tion

Table 53. Pathways in PAD with age <= 65 cohort in the All of Us Dataset, whose prevalence is higher in the non-
amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 24.92
Anti platelet - 24.48
Anti platelet Lipid lowering 21.1

Lipid lowering - 18.51
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Figure 22. Sankey plot for the PAD with age <= 65 in All of Us data, depicting the flow of treatments between the
patients that experienced amputation and those who did not experience any amputation. Thickness of the path-
way indicates the percentage of patients experiencing the treatment, the size of the amputation cohort is visually
larger here due to the Data normalized at the cohort and node levels: cohort normalization adjusts sequence
counts by total cohort size, while node normalization ensures flow values sum to 1 at each node, enabling visual
comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Pathways colored in deep
amber are the amputation pathways and those colored in pine green are non-amputation pathways.

3.2.11. Analysis of Treatment Pathways in PAD Patients Who Reported Their Race as ‘White’

Figure 23 is a Sankey diagram of treatment sequences in PAD filtered for patients who reported
their race as “white” cohort in our STARR dataset. Tables 54 and 55 illustrate the dominant pathways
that lead to amputation and non-amputation which can be observed from the figure.

In the STARR dataset, White patients with PAD exhibit amputation rates that are similar to the
general PAD population when comprehensive treatments are applied. For example, Antiplatelet —
Lipid Lowering — Endovascular Revascularization and Antiplatelet — Revascularization Surgery —
Lipid Lowering both result in an amputation rate of 7.69%, closely aligning with the general PAD
rate of 7.79% for similar sequences. The most effective treatment pathway, Revascularization Surgery
— Lipid Lowering — Antiplatelet, achieves the lowest amputation rate of 5.13%, which is comparable
to the general PAD rate of 2.6%. These findings suggest that multi-modal strategies are equally effec-
tive for White patients as they are for the general PAD population, with surgical interventions play-
ing a crucial role in reducing amputation risks.

For non-amputation pathways, the highest rate of 31.84% is observed for Antiplatelet followed
by Lipid Lowering, comparable to the general PAD rate of 32% for the same sequence. However, less
comprehensive approaches, such as Lipid Lowering followed by Antiplatelet, yield a lower non-am-
putation rate of 23.15%, which is comparable to the general PAD rate of 24.1%. Standalone treatments
like Lipid Lowering alone produce a non-amputation rate of 15.38%, better than the general PAD rate
of 16.8%. These results indicate that White patients respond well to combination therapies, achieving
outcomes on par with or slightly better than the general PAD population.

Table 54. Pathways in PAD filtered for patients who reported their race as “white’ cohort in the STARR Dataset,
whose prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
End 1 lariza-
Anti platelet Lipid lowering ndovasciiat revasciiariza 7.69
tion
Anti platelet Revascularization surgery Lipid lowering 7.69

Revascularization surgery Lipid lowering Anti platelet 5.13
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Table 55. Pathways in PAD filtered for patients who reported their race as “white’ cohort in the STARR Dataset,
whose prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti Platelet Lipid lowering 31.84
Lipid lowering Anti platelet 23.15
Lipid lowering - 15.38
Anti platelet - 10.26
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Figure 23. Sankey plot for the PAD filtered for patients who reported their race as ‘white’ cohort in STARR data,
depicting the flow of treatments between the patients that experienced amputation and those who did not expe-
rience any amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment,
the size of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels:
cohort normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values
sum to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

Figure 24 is a Sankey diagram of treatment sequences in PAD filtered for patients who reported
their race as “white’ cohort in our All of Us dataset. Tables 56 and 57 illustrate the dominant pathways
that lead to amputation and non-amputation which can be observed from the figure.

In the All of Us dataset, amputation rates for White patients are slightly worse than the general
PAD population for standalone treatments but improve significantly with combination therapies. For
instance, Endovascular Revascularization alone results in an amputation rate of 15.38%, higher than
the general PAD rate of 13.6%. Adding Revascularization Surgery reduces the rate to 8.97%, and the
most effective sequence, Lipid Lowering — Antiplatelet — Endovascular Revascularization, achieves
an amputation rate of 3.85%, closely aligning with the general PAD rate of 3.98%.

Non-amputation outcomes in the All of Us dataset is competitive with general PAD results. The
highest rate of 29.59% is achieved with Lipid Lowering followed by Antiplatelet, slightly better than
the general PAD rate of 27.29% for the same sequence. Other combinations, such as Antiplatelet alone
or Antiplatelet followed by Lipid Lowering, yield non-amputation rates of 22.61% and 20.72%, re-
spectively, which are slightly lower than the general PAD rates of 23% and 22%. Standalone Lipid
Lowering achieves a rate of 15.80%, outperforming the general PAD rate of 14%, suggesting that
White patients respond well to pharmacological interventions.
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Table 56. Pathways in PAD filtered for patients who reported their race as “white” cohort in the All of Us Dataset,
whose prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
E 1 lari-
ndovascu ar revasculari i i 15.38
zation
E 1 lari-
ndovascu a? revascuiatt Revascularization surgery - 8.97
zation
- . . Endovascular revasculariza-
Lipid lowering Anti platelet 3.85

tion

Table 57. Pathways in PAD filtered for patients who reported their race as “white” cohort in the All of Us Dataset,
whose prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 29.59
Anti platelet - 22.61
Anti platelet Lipid lowering 20.72
Lipid lowering - 15.80

1-Endovascular
RE{ cularization

A\ s 2-Revascularization
\ = .
NS

Figure 24. Sankey plot for the PAD filtered for patients who reported their race as “white” cohort in All of Us
data, depicting the flow of treatments between the patients that experienced amputation and those who did not
experience any amputation. Thickness of the pathway indicates the percentage of patients experiencing the treat-
ment, the size of the amputation cohort is visually larger here due to the Data normalized at the cohort and node
levels: cohort normalization adjusts sequence counts by total cohort size, while node normalization ensures flow
values sum to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Prepro-
cessing” section. Pathways colored in deep amber are the amputation pathways and those colored in pine green
are non-amputation pathways.

3.2.12. Analysis of Treatment Pathways in PAD Patients Who Reported Their Race as ‘Black’

Figure 25 is a Sankey diagram of treatment sequences in PAD patients who reported their race
as ‘black’ cohort in our STARR dataset. Tables 58 and 59 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.

In the STARR dataset, Black patients with PAD experience significantly higher amputation rates
compared to the general PAD population, particularly with standalone treatments. For instance, Li-
pid Lowering alone results in an amputation rate of 21.43%. Combination therapies such as Antiplate-
let — Lipid Lowering — Endovascular Revascularization reduce the amputation rate to 14.29%,
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which is still notably higher than the general PAD rate of 7.79% for similar sequences. These findings
highlight the elevated risks faced by Black patients with PAD and the need for more aggressive treat-
ment strategies.

Non-amputation rates for Black patients show relatively strong outcomes when combination
therapies are used. For example, Lipid Lowering — Antiplatelet achieves the highest non-amputation
rate of 31.65%, which is higher than the general PAD rate of 24.1%. However, reversing the sequence
to Antiplatelet — Lipid Lowering produces a slightly lower non-amputation rate of 29.29%, which is
still competitive with the general PAD rate of 32%. Simpler strategies, such as Antiplatelet alone,
yield a non-amputation rate of 10.77%, higher than the general PAD rate of 10.2%.

Table 58. Pathways in PAD patients who reported their race as ‘black’ cohort in the STARR Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Lipid lowering - - 21.43
End 1 lariza-
Anti platelet Lipid lowering ndovased f:;‘;relvascu anza 14.29

Table 59. Pathways in PAD patients who reported their race as ‘black’ cohort in the STARR Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 31.65
Anti platelet Lipid lowering 29.29
Anti platelet - 10.77
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Figure 25. Sankey plot for the PAD patients who reported their race as ‘black’ cohort in STARR data, depicting
the flow of treatments between the patients that experienced amputation and those who did not experience any
amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size
of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort
normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values sum
to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

Figure 26 is a Sankey diagram of treatment sequences in PAD patients who reported their race
as ‘black’ cohort in our All of Us dataset. Tables 60 and 61 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.
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In the All of Us dataset, amputation rates for Black patients are slightly better than in STARR but
still worse than the general PAD population. Endovascular Revascularization alone produces an am-
putation rate of 7.46%, which is worse than the general PAD rate of 13.6%. More comprehensive
combinations, such as Lipid Lowering — Antiplatelet — Endovascular Revascularization, achieve an
amputation rate of 4.48%, aligning closely with the general PAD rate of 3.98%. Similar outcome is
achieved with the addition of Revascularization Surgery to the sequence, maintaining an amputation
rate of 4.48%.

Non-amputation outcomes in the All of Us dataset is competitive with the general PAD popula-
tion. Antiplatelet alone achieves the highest non-amputation rate of 27.65%, slightly outperforming
the general PAD rate of 23%. Other combinations, such as Antiplatelet — Lipid Lowering, yield a
non-amputation rate of 24.18%, which is slightly higher than the general PAD rate of 22%. Standalone
Lipid Lowering produces a non-amputation rate of 11.69%, comparable to the general PAD rate of
14%. These results suggest that while Black patients benefit from combination therapies, they face
greater challenges with standalone or less comprehensive treatments.

Table 60. Pathways in PAD patients who reported their race as ‘black’ cohort in the All of Us Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment  Stage 2 Treatment  Stage 3 Treatment Stage 4 Treatment Amputation Rate (%)
Endovasc‘ulal“ revascu- ) i ) 7 46
larization
. . . Endovascular revascu-
Lipid lowering Anti platelet . - 4.48
larization
. . . Endovascular revascu- .
Lipid lowering Anti platelet Revascularization surgery 4.48

larization

Table 61. Pathways in PAD patients who reported their race as ‘black’ cohort in the All of Us Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet - 27.65
Anti platelet Lipid lowering 24.18
Lipid lowering Anti platelet 22.70
Lipid lowering - 11.69
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Figure 26. Sankey plot for the PAD patients who reported their race as ‘black’ cohort in All of Us data, depicting
the flow of treatments between the patients that experienced amputation and those who did not experience any
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amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size
of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort
normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values sum
to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

3.2.13. Analysis of Treatment Pathways in PAD Patients Who Reported Their Race as ‘Asian’

Figure 27 is a Sankey diagram of treatment sequences in PAD patients who reported their race
as ‘Asian’ cohort in our STARR dataset. Tables 62 and 63 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.

In the STARR dataset, PAD outcomes for Asian patients, given their least patient count, demon-
strate high amputation rates, significantly worse than the general PAD population. Both treatment
sequences—Lipid Lowering — Antiplatelet and Antiplatelet — Lipid Lowering —result in amputa-
tion rates of 50%. This is drastically higher compared to the general PAD rates. Non-amputation out-
comes in the STARR dataset are also notably poor for Asian patients. Lipid Lowering alone achieves
the highest non-amputation rate of 16.76%, which is far lower than the general PAD rate of 16.8% for
the same treatment. Antiplatelet alone produces a dismal non-amputation rate of 7.67%, worse than
the general PAD rate of 10.2%. These findings indicate that not only are standalone treatments inef-
fective in preventing amputations in Asian patients, but even non-amputation outcomes fall well
short of general PAD benchmarks.

Table 62. Pathways in PAD patients who reported their race as ‘Asian’ cohort in the STARR Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Amputation Rate (%)
Lipid lowering Anti platelet 50
Anti platelet Lipid lowering 50

Table 63. Pathways in PAD patients who reported their race as ‘Asian” cohort in the STARR Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Non - Amputation Rate (%)
Lipid lowering 16.76
Anti platelet 7.67
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Figure 27. Sankey plot for the PAD patients who reported their race as “Asian” cohort in STARR data, depicting
the flow of treatments between the patients that experienced amputation and those who did not experience any
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amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size
of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort
normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values sum
to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

Figure 28 is a Sankey diagram of treatment sequences in PAD patients who reported their race
as ‘Asian’ cohort in our All of Us dataset. Tables 64 and 65 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.

The All of Us dataset paints an even grimmer picture for Asian patients, with Endovascular Re-
vascularization alone resulting in amputation rate of 100%. The highest non-amputation rate of
33.33% is achieved with both Lipid Lowering — Antiplatelet and Antiplatelet — Lipid Lowering,
exceeding the general PAD rate of 27.29% for similar sequences. Standalone Lipid Lowering produces
anon-amputation rate of 23.08%, which is also slightly better than the general PAD rate of 14%. These
results suggest that while surgical interventions fail to deliver positive outcomes, pharmacological
strategies remain effective in improving non-amputation outcomes for Asian patients.

Table 64. Pathways in PAD patients who reported their race as ‘Asian’ cohort in the All of Us Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways

Stage 2 Treatment Amputation Rate (%)

Endovascular revascularization 100

Table 65. Pathways in PAD patients who reported their race as ‘Asian” cohort in the All of Us Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 33.33
Anti platelet Lipid lowering 33.33
Lipid lowering - 23.08
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Figure 28. Sankey plot for the PAD patients who reported their race as ‘Asian’ cohort in All of Us data, depicting
the flow of treatments between the patients that experienced amputation and those who did not experience any
amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size
of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort
normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values sum
to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
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section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

3.2.14. Analysis of Treatment Pathways in PAD Patients Who Reported Their Gender as ‘Male’

Figure 29 is a Sankey diagram of treatment sequences in PAD patients who reported their gender
as ‘male’ cohort in our STARR dataset. Tables 66 and 67 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.

In the STARR dataset, male PAD patients show slightly elevated amputation rates compared to
the general PAD population for similar treatment pathways. For instance, Antiplatelet — Lipid Low-
ering — Endovascular Revascularization results in an amputation rate of 8.93%, which is marginally
higher than the general PAD rate of 7.79% for the same sequence. Similarly, Antiplatelet — Revascu-
larization Surgery — Lipid Lowering achieves an amputation rate of 7.14%, slightly better than the
general PAD rate of 5.19%. These findings suggest that while combination therapies remain effective
for male patients, their outcomes are slightly worse than those seen in the general population, likely
due to increased disease severity or other risk factors.

Non-amputation outcomes for male patients in the STARR dataset are slightly better than in the
general PAD population for some treatment sequences. For example, Antiplatelet — Lipid Lowering
achieves the highest non-amputation rate of 33.45%, comparable to the general PAD rate of 32%.
However, simpler sequences such as Lipid Lowering — Antiplatelet yield a lower non-amputation
rate of 25.32%, which is still comparable to the general PAD rate of 24.1%. Standalone Lipid Lowering
achieves 16.40%, aligning closely with the general PAD rate of 16.8%. These results indicate that male
patients respond well to combination therapies, with outcomes closely mirroring those of the general
population.

Table 66. Pathways in PAD patients who reported their gender as ‘male’ cohort in the STARR Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
End 1 lariza-
Anti platelet Lipid lowering ndovased al; revascuiatiza 8.93
tion
Anti platelet Revascularization surgery Lipid lowering 7.14

Table 67. Pathways in PAD patients who reported their gender as ‘male” cohort in the STARR Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet Lipid lowering 33.45
Lipid lowering Anti platelet 25.32

Lipid lowering - 16.40
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Figure 29. Sankey plot for the PAD patients who reported their gender as ‘male’ cohort in STARR data, depicting
the flow of treatments between the patients that experienced amputation and those who did not experience any
amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size
of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort
normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values sum
to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

Figure 30 is a Sankey diagram of treatment sequences in PAD patients who reported their gender
as ‘male’ cohort in our All of Us dataset. Tables 68 and 69 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.

In the All of Us dataset, amputation rates for male patients are slightly elevated for standalone
treatments compared to the general PAD population. For instance, Endovascular Revascularization
alone produces an amputation rate of 14.29%, higher than the general PAD rate of 13.6%. Adding
Revascularization Surgery reduces the rate to 7.62%, which aligns closely with the general PAD rate
of 6.25%. These results highlight the importance of combination therapies in reducing amputation
risks for male patients, though outcomes remain slightly worse than in the general PAD population.

Non-amputation outcomes in the All of Us dataset for male patients are competitive with the
general PAD population. The highest rate of 29.89% is achieved with Lipid Lowering — Antiplatelet,
which is slightly higher than the general PAD rate of 27.29%. Other sequences, such as Antiplatelet
— Lipid Lowering and Antiplatelet alone, yield non-amputation rates of 21.33% and 21.44%, closely
matching the general PAD rates of 22% and 23%, respectively. These findings suggest that while
standalone treatments are less effective, pharmacological strategies remain robust for male patients.

Table 68. Pathways in PAD patients who reported their gender as ‘male” cohort in the All of Us Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Amputation Rate (%)
E iza-
ndovasculeu" revasculariza i 14.29
tion
End 1 lariza-
ndovascuiar revascuiatiza Revascularization surgery 7.62

tion
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Table 69. Pathways in PAD patients who reported their gender as “‘male” cohort in the All of Us Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 29.89
Anti platelet Lipid lowering 21.33
Anti platelet - 21.44
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Figure 30. Sankey plot for the PAD patients who reported their gender as ‘male” cohort in All of Us data, depict-
ing the flow of treatments between the patients that experienced amputation and those who did not experience
any amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment, the
size of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels:
cohort normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values
sum to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

3.2.15. Analysis of Treatment Pathways in PAD Patients Who Reported Their Gender as ‘Female’
Cohort

Figure 31 is a Sankey diagram of treatment sequences in PAD patients who reported their gender
as ‘Female’ cohort in our STARR dataset. Tables 70 and 71 illustrate the dominant pathways that lead
to amputation and non-amputation which can be observed from the figure.

In the STARR dataset, female PAD patients experience significantly higher amputation rates for
standalone or less comprehensive treatments compared to the general PAD population. For instance,
Lipid Lowering — Antiplatelet results in an alarmingly high amputation rate of 47.62%. However,
combination therapies such as Antiplatelet — Exercise Therapy — Lipid Lowering and Endovascular
Revascularization — Lipid Lowering achieve substantially lower amputation rates of 4.76%. This un-
derscores the critical importance of multi-modal approaches, particularly for female patients, to mit-
igate amputation risks effectively.

Non-amputation outcomes for female patients in the STARR dataset show encouraging results
with combination therapies. For example, Antiplatelet — Lipid Lowering achieves a non-amputation
rate of 30.86%, which is slightly below the general PAD rate of 32% for the same sequence. Simpler
pathways, such as Lipid Lowering alone or Antiplatelet alone, result in lower non-amputation rates
of 17.77% and 12.71%, respectively, compared to the general PAD rates of 16.8% and 10.2%. These
results suggest that while combination therapies remain effective for female patients, standalone
treatments are considerably less effective in preventing disease progression.
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Table 70. Pathways in PAD patients who reported their gender as ‘Female’ cohort in the STARR Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
Lipid lowering Anti platelet - 47.62
Anti platelet Exercise therapy Lipid lowering 4.76
Endovascular revasculari- Lipid lowering i 476

zation

Table 71. Pathways in PAD patients who reported their gender as ‘Female’ cohort in the STARR Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet Lipid lowering 30.86
Lipid lowering - 17.77
Anti platelet - 12.71
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Figure 31. Sankey plot for the PAD patients who reported their gender as ‘Female’ cohort in STARR data, de-
picting the flow of treatments between the patients that experienced amputation and those who did not experi-
ence any amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment,
the size of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels:
cohort normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values
sum to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

Figure 32 is a Sankey diagram of treatment sequences in PAD patients who reported their gender
as ‘Female’ cohort in our All of Us dataset. Tables 72 and 73 illustrate the dominant pathways that
lead to amputation and non-amputation which can be observed from the figure.

In the All of Us dataset, female patients also show elevated amputation rates for standalone treat-
ments compared to the general PAD population. For example, Lipid Lowering — Antiplatelet results
in an amputation rate of 27.27%. However, Endovascular Revascularization alone achieves a reduced
amputation rate of 13.68%, which is close to the general PAD rate of 13.6%, suggesting that surgical
interventions may have similar efficacy for female patients as for the general population.

Non-amputation outcomes in the All of Us dataset for female patients show slightly better results
than the general PAD population. Antiplatelet alone achieves a non-amputation rate of 25.06%, which
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is slightly better than the general PAD rate of 23%. Combination therapies such as Antiplatelet —
Lipid Lowering achieve 22.78%, higher than the general PAD rate of 22%. Standalone Lipid Lowering
produces a non-amputation rate of 16.48%, slightly better than the general PAD rate of 14%. These
findings highlight the importance of combination therapies for female patients while suggesting that
even standalone pharmacological strategies can provide moderate benefits.

Table 72. Pathways in PAD patients who reported their gender as ‘Female’ cohort in the All of Us Dataset, whose
prevalence is higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Amputation Rate (%)
Lipid lowering Anti platelet 27.27
Endovascular revascularization - 13.68

Table 73. Pathways in PAD patients who reported their gender as ‘Female’ cohort in the All of Us Dataset, whose
prevalence is higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet - 25.06
Anti platelet Lipid lowering 22.78
Lipid lowering - 16.48
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Figure 32. Sankey plot for the PAD patients who reported their gender as ‘Female’ cohort in All of Us data,
depicting the flow of treatments between the patients that experienced amputation and those who did not expe-
rience any amputation. Thickness of the pathway indicates the percentage of patients experiencing the treatment,
the size of the amputation cohort is visually larger here due to the Data normalized at the cohort and node levels:
cohort normalization adjusts sequence counts by total cohort size, while node normalization ensures flow values
sum to 1 at each node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing”
section. Pathways colored in deep amber are the amputation pathways and those colored in pine green are non-
amputation pathways.

3.2.16. Analysis of Treatment Pathways in PAD Patients Who Reportedly Smoke

Figure 33 is a Sankey diagram of treatment sequences in PAD patients who reportedly smoke
cohort in our STARR dataset. Tables 74 and 75 illustrate the dominant pathways that lead to ampu-
tation and non-amputation which can be observed from the figure.

In the STARR dataset, PAD patients who smoke experience amputation rates that closely align
with the general PAD population when combination therapies are applied. For instance, Antiplatelet
— Lipid Lowering — Endovascular Revascularization results in an amputation rate of 8.33%, slightly
higher than the general PAD rate of 7.79% for the same sequence. Similarly, Antiplatelet —


https://doi.org/10.20944/preprints202412.2649.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2025

Revascularization Surgery — Lipid Lowering achieves an amputation rate of 5.56%, comparable to
the general PAD rate of 5.19%. These results indicate that multi-modal approaches remain effective
in managing PAD in smokers, though their outcomes are marginally worse compared to non-smok-
ers, likely due to the compounding effects of smoking on vascular health.

Non-amputation outcomes for smokers in the STARR dataset are also comparable to the general
PAD population. Antiplatelet — Lipid Lowering achieves the highest non-amputation rate of 32.14%,
close to the general PAD rate of 32% for the same sequence. However, simpler pathways, such as
Lipid Lowering — Antiplatelet and Lipid Lowering alone, yield non-amputation rates of 24.62% and
16.45%, which align closely with the general PAD rates of 24.1% and 16.8%, respectively. These find-
ings suggest that smokers benefit from combination therapies, achieving outcomes similar to the gen-
eral PAD population when multi-modal strategies are used.

Table 74. Pathways in PAD patients who reportedly smoke cohort in the STARR Dataset, whose prevalence is
higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
End 1 lariza-
Anti platelet Lipid lowering ndovascrial revasciiariza 8.33
tion
Anti platelet Revascularization surgery Lipid lowering 5.56

Table 75. Pathways in PAD patients who reportedly smoke cohort in the STARR Dataset, whose prevalence is
higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Anti platelet Lipid lowering 32.14
Lipid lowering Anti platelet 24.62
Lipid lowering - 16.45
Anti platelet - 9.64
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Figure 33. Sankey plot for the PAD patients who reportedly smoke in STARR data, depicting the flow of treat-
ments between the patients that experienced amputation and those who did not experience any amputation.
Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size of the ampu-
tation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort normaliza-
tion adjusts sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each
node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Path-
ways colored in deep amber are the amputation pathways and those colored in pine green are non-amputation
pathways.
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Figure 34 is a Sankey diagram of treatment sequences in PAD patients who reportedly smoke
cohort in our All of Us dataset. Tables 76 and 77 illustrate the dominant pathways that lead to ampu-
tation and non-amputation which can be observed from the figure.

In the All of Us dataset, amputation rates for smokers are slightly worse than the general PAD
population for standalone treatments but improve significantly with combination therapies. Endo-
vascular Revascularization alone produces an amputation rate of 11.54%, which is marginally worse
than the general PAD rate of 13.6%. Adding Revascularization Surgery reduces the rate to 6.41%, and
the best outcome is achieved with Antiplatelet — Lipid Lowering — Endovascular Revascularization,
which results in an amputation rate of 3.85%, closely aligning with the general PAD rate of 3.98%.

Non-amputation outcomes in the All of Us dataset for smokers show slightly lower results com-
pared to the general PAD population. The highest non-amputation rate of 24.90% is achieved with
Lipid Lowering — Antiplatelet, which is below the general PAD rate of 27.29% for the same sequence.
Other pathways, such as Antiplatelet alone or Antiplatelet — Lipid Lowering, yield non-amputation
rates of 22.78% and 21%, respectively, which are lower than the general PAD rates of 23% and 22%.
These results indicate that while combination therapies remain effective, smoking may reduce the
overall efficacy of certain treatment pathways.

Table 76. Pathways in PAD patients who reportedly smoke cohort in the All of Us Dataset, whose prevalence is
higher in the amputation cohort than in the non-amputation cohort.

Amputation Pathways
Stage 1 Treatment Stage 2 Treatment Stage 3 Treatment Amputation Rate (%)
End i-
n ovasculal‘“ revasculari ) ) 11.54
zation
End 1 lari-
ndovaset alj revascuiart Revascularization surgery - 6.41
zation
Anti platelet Lipid lowering Endovascular revascularization 3.85

Table 77. Pathways in PAD patients who reportedly smoke cohort in the All of Us Dataset, whose prevalence is
higher in the non-amputation cohort than in the amputation cohort.

Non - Amputation Pathways

Stage 1 Treatment Stage 2 Treatment Non - Amputation Rate (%)
Lipid lowering Anti platelet 24.90
Anti platelet - 22.78
Anti platelet Lipid lowering 21

Figure 34. Sankey plot for the PAD patients who reportedly smoke in All of Us data, depicting the flow of treat-
ments between the patients that experienced amputation and those who did not experience any amputation.
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Thickness of the pathway indicates the percentage of patients experiencing the treatment, the size of the ampu-
tation cohort is visually larger here due to the Data normalized at the cohort and node levels: cohort normaliza-
tion adjusts sequence counts by total cohort size, while node normalization ensures flow values sum to 1 at each
node, enabling visual comparison of pathway proportions as stated in “2.3 Data Preprocessing” section. Path-
ways colored in deep amber are the amputation pathways and those colored in pine green are non-amputation
pathways.

3.3. Summary from Confounder Analysis

In the STARR dataset, out of 5,581 PAD patients, 77 underwent amputation. Among the risk
factors assessed, hyperlipidemia was the most prevalent in the amputation group, with 76 patients
affected. This represents a substantial proportion compared to other comorbidities, such as diabetes
(54 amputations) and hypertension (56 amputations). Notably, heart failure and cerebrovascular dis-
ease were associated with fewer amputations, with 26 cases each. The high incidence of hyper-
lipidemia in the amputation subset underscores its critical role in the progression of PAD leading to
limb loss. Similarly, in the All of Us dataset comprising 4,261 PAD patients, 176 experienced amputa-
tions. Hyperlipidemia was again the leading risk factor, with 170 amputations reported. There are
other significant comorbidities, including hypertension (173 amputations) and diabetes (160 ampu-
tations). Heart failure and cerebrovascular disease were associated with fewer amputations, with 106
and 117 cases, respectively. The consistency of hyperlipidemia as a leading risk factor across both
cohorts highlights its pervasive impact on PAD outcomes. Certain PAD confounder groups, such as
patients identifying as Asian, exhibit negligible amputation counts, likely due to their low represen-
tation in both the datasets. Endovascular revascularization treatment is notably present in the heart
failure cohort of the STARR dataset, accounting for 20% of the total amputation pathways, while its
occurrence has not been found in the dominant non-amputation pathways. This treatment also ap-
pears prominently in the cerebrovascular disease and coronary artery disease cohorts, with at least
15% occurrence in both risk factors within the All of Us dataset, while being absent in the dominant
non-amputation pathways. Revascularization procedures have also been found to be more promi-
nent in the full PAD cohorts of both STARR and All of Us data, confirming the findings from the
confounder analysis. Antiplatelet and lipid-lowering treatments are prominent across all the cohorts,
often routing to the non-amputation just like the treatments of smoking cessation and exercise ther-
apy as seen in the sankey visualizations, the prevalence of these treatment sequences vary by slight
percentages across different risk factors.

Amputation outcomes in PAD patients across the STARR and All of Us datasets reveal significant
variations based on confounders, underscoring the need for tailored interventions. Hypertension
confounders exhibit promising results with multi-modal approaches, such as Revascularization Sur-
gery — Lipid Lowering — Antiplatelet — Endovascular Revascularization, achieving an amputation
rate of 1.79% in the STARR dataset. Similarly, diabetic patients show favorable outcomes with se-
quences like Lipid Lowering — Antiplatelet — Endovascular Revascularization, yielding a low 3.7%
amputation rate. On the other hand, patients with heart failure face higher risks, with Antiplatelet —
Lipid Lowering — Endovascular Revascularization resulting in a significantly elevated rate of 19.23%
in STARR. Racial disparities are evident, with Black patients experiencing elevated risks; for instance,
Lipid Lowering alone results in a 21.43% amputation rate (STARR). Similarly, Asian patients appear
to demonstrated a very significant amputation rate for standalone Endovascular Revascularization
in the All of Us dataset, but it is to be noted that their patient count is negligible too as shown in Tables
12 and 13. Smoking, while slightly elevating risks, does not drastically affect outcomes when combi-
nation therapies like Antiplatelet — Lipid Lowering — Endovascular Revascularization are em-
ployed, achieving rates closely aligned with the general PAD population. Age-related confounders
also show stark differences, with older patients (>65 years) responding better to aggressive therapies,
such as Endovascular Revascularization — Revascularization Surgery (9.26% in All of Us), while
younger patients (<50 years) face disproportionately high risks, such as a 66.67% rate for Antiplatelet
— Lipid Lowering in STARR, highlighting the need for more aggressive and early interventions in
younger cohorts, however the younger patients count is very low as represented in Tables 12 and 13.

Non-amputation outcomes across these risk factors emphasize the effectiveness of pharmaco-
logical and combination therapies in mitigating disease progression, particularly in patients with hy-
pertension, diabetes, and smoking history. For hypertensive patients, Antiplatelet — Lipid Lowering
yields a robust 33% non-amputation rate in STARR, slightly exceeding the general PAD rate of 32%.
Similarly, diabetic patients benefit significantly from this sequence, achieving 31% in STARR.
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Smokers and hyperlipidemia patients also show strong results with Lipid Lowering — Antiplatelet
combinations, achieving non-amputation rates of 31.65% (STARR) and 29.59% (All of Us), respec-
tively. However, standalone treatments are markedly less effective, with rates often dropping below
15% for Lipid Lowering alone across most confounders, particularly in heart failure (7.43% in STARR)
and older patients (>65 years; 18.21% in STARR). Racial disparities persist in the All of Us dataset as
well, though pharmacological strategies demonstrate some promise for Black and Asian patients,
with sequences like Lipid Lowering — Antiplatelet achieving rates of 27.65% and 33.33%, respec-
tively. These findings underscore the importance of prioritizing combination therapies tailored to
individual confounders to improve outcomes, as even minor variations in sequencing can drastically
affect both amputation and non-amputation rates, highlighting the need for precision medicine in
PAD management.

4. Conclusions and Future Work

The dominant pathways for amputations in both the datasets used include sequences often with
revascularization procedures, anti-platelet therapy, lipid-lowering medication. Additionally, path-
ways involving surgical revascularization, either alone or in combination with lipid-lowering medi-
cations, showed a high association with amputation outcomes. Building on the findings of this study,
future work could explore the development of predictive models using advanced machine learning
techniques. One promising avenue is the application of natural language processing (NLP) models
to treatment sequences. By leveraging the power of NLP, we can create models that predict the next
likely treatment or outcome based on historical sequences.

Such an NLP model would analyze the treatment pathways as sequences of events, learning the
patterns and associations within the data. This approach could help in prediction of patient outcomes
and provide valuable decision support for clinicians. Additionally, future research may focus on in-
tegrating more comprehensive datasets, including patient demographics, comorbidities, and lifestyle
factors, to enhance the predictive accuracy of these models. By considering a broader range of varia-
bles, we can develop more robust models that better reflect the complexity of real-world clinical sce-
narios, that could predict the likelihood of various future outcomes, allowing for more proactive and
personalized treatment planning. Further statistical analysis and validation of the identified signifi-
cant pathways across diverse patient populations and settings would also be beneficial. This could
help to generalize the findings and ensure their applicability in different clinical contexts. Moreover,
investigating the cost-effectiveness and long-term outcomes of these treatment pathways could pro-
vide valuable insights into optimizing healthcare resources and improving patient care.

In conclusion, while this study has provided insights into treatment pathways and their associ-
ations with amputation and non-amputation outcomes, there is ample opportunity for future work
to build on these findings. By developing predictive models and conducting further research, we can
continue to advance our understanding of cardiovascular treatment strategies and enhance patient
outcomes.
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