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ORIGINAL RESEARCH

Examining Outcomes in Patients Admitted 
With Comorbid Peripheral Artery Disease 
and Microvascular Disease
Scott Grubman , BA*; Miguel Algara, MD*; Kim G. Smolderen , PhD; Paulina Luna , MD, MSc; 
Kristie Walenczyk, PhD; Lindsey Scierka , MD, MPH; Jacob Cleman , MD; Waleed Tariq Siddiqui, MD, MPH; 
Gaëlle Romain , PhD; Carlos Mena-Hurtado , MD

BACKGROUND: Peripheral artery disease (PAD) and microvascular disease (MVD) are highly prevalent conditions that share 
common risk factors. This observational study aimed to characterize patients with both conditions and determine the impact 
of comorbid PAD/MVD on outcomes.

METHODS AND RESULTS: Patients admitted across 31 states January 2011 through December 2018 with a primary or secondary 
diagnosis of PAD or MVD were included from the National Readmissions Database and weighted to approximate a national 
sample. Those age <18 years or with nonatherosclerotic leg injuries were excluded. Patients were divided into 3 groups: PAD-
only, MVD-only, or comorbid PAD/MVD. Multiple logistic regression was used to evaluate associations with major and minor 
amputations, major adverse cardiac events, and in-hospital mortality. Cox regression was used to evaluate associations with 
readmission within 1 year. The PAD group was used as reference. The final cohort included 33 972 772 admissions: 9.1 million 
with PAD, 21.3 million with MVD, and 3.6 million with both. Annual admissions for PAD/MVD increased to >500 000 in 2018. 
Major and minor amputations increased ≈50% for PAD/MVD between 2011 and 2018. Compared with PAD-only, PAD/MVD 
was associated with a higher risk for major amputation (odds ratio [OR], 1.30 [95% CI, 1.28–1.32]), minor amputation (OR, 
2.15 [95% CI, 2.12–2.18]), major adverse cardiac events (OR, 1.04 [95% CI, 1.03–1.04]), in-hospital mortality (OR, 1.07 [95% CI, 
1.05–1.09]), and readmission (hazard ratio, 1.02 [95% CI, 1.02–1.02]) after adjustment for baseline factors.

CONCLUSIONS: Comorbid MVD is present in a large and growing number of patients with PAD and is associated with aug-
mented risk for adverse outcomes. Further prospective research is merited to understand this vulnerable population.
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Lower extremity peripheral artery disease (PAD), or 
atherosclerosis restricting blood flow to the lower 
extremities, affects an estimated 8.5 million indi-

viduals in the United States, over 230 million individ-
uals worldwide, and places significant financial strain 
on the health care system.1–3 As the third most com-
mon manifestation of atherosclerosis behind coronary 
artery disease and stroke, PAD is associated with an 

increased risk of lower limb amputations, major ad-
verse cardiovascular events (MACE), and mortalty.4–6 
Microvascular disease (MVD, “small vessel disease”) 
refers to a family of disorders with a shared patho-
physiology of smooth muscle and endothelial wall dys-
function impacting small vessels (diameter <150 μm) 
such as arterioles, capillaries, and venules.7 MVD has 
various clinical manifestations including retinopathy, 
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neuropathy, and nephropathy that are increasingly 
thought of as markers of a systemic process causing 
capillary bed dysfunction throughout the body.8,9 PAD 
and MVD are often coprevalent due to the abundance 
of shared risk factors such as diabetes, obesity, and 
chronic kidney disease.10–12

The interplay between macro- and microvascular 
disease in the legs is an area of active investigation. In 
patients with type 2 diabetes, for instance, MVD was 
found to be associated with development of PAD at 
5 years, whereas preexisting macrovascular disease 
(eg, coronary disease or stroke) was not.13 Furthermore, 
a recent study in the Veterans Affairs health care sys-
tem demonstrated that a diagnosis of MVD among 
Veterans was associated with a 3.7-fold increased risk 
for lower limb amputation after controlling for tradi-
tional atherosclerotic risk factors. When combined with 
comorbid PAD, a dramatically increased risk of ampu-
tation was observed.14 However, the generalizability of 
these findings to the greater US health care system 
remains poorly understood, as does the impact of co-
morbid PAD/MVD on other important outcomes such 
as in-hospital mortality and risk of readmission.

Using nationally representative data available 
through the National Readmissions Database (NRD), 
this study aims to (1) quantify and characterize patients 
admitted to US hospitals with PAD, MVD, or comorbid 
PAD/MVD; (2) describe temporal trends in admissions, 
major and minor amputations, MACE, and in-hospital 
mortality in these populations; and (3) determine the 
association between comorbid PAD/MVD and these 
outcomes. We hypothesize that concurrent MVD aug-
ments risk for major or minor amputations, MACE, 
in-hospital mortality, and readmission for patients with 
PAD. Insights from this study could provide clinicians 
with an additional tool to identify patients at the highest 
risk for adverse events.

METHODS
Data Source
The specific data supporting this study’s findings are 
available from the NRD and can be accessed at www.​
hcup-​us.​ahrq.​gov/​nrdov​erview.​jsp.15 Code for statisti-
cal analysis is available upon reasonable request to the 
corresponding author. The NRD is a database spon-
sored by the Agency for Healthcare Research and 
Quality as part of the Healthcare Cost and Utilization 
Project. The NRD includes information associated with 
approximately 17 million admissions across 31 states 
annually, which are weighted using several criteria in-
cluding hospital teaching status, hospital size, and lo-
cation to estimate ≈32 million national admissions each 
year. Weighted admissions are derived from stratum 
variables and are used to derive national estimates. 
Data are deidentified but remain linked to individual 
patients for up to 1 calendar year to allow for capture 
of readmissions.15 This study was ruled exempt by the 
Yale University institutional review board because it 
utilized data from a deidentified, publicly accessible 
national database. One author (M.A.) had full access 
to the data and takes responsibility for its integrity and 
analysis.

Study Population
Patients admitted from January 2011 through 
December 2018 with a primary or secondary diagnosis 
of PAD or MVD were included in the study. Admissions 
were weighted as previously described to approximate 
national estimates.15 Those (1) <18 years of age or (2) 
with nonatherosclerotic causes of lower extremity in-
jury were excluded. Sociodemographic factors includ-
ing age, sex, insurance status, and median household 
income based upon hospitalization zip code were ex-
tracted. Comorbidities were captured, including hy-
pertension, diabetes, dyslipidemia, obesity, coronary 
artery disease, heart failure, valvular disease, chronic 
lung disease, renal failure, anemia, hypothyroidism, 

CLINICAL PERSPECTIVE

What Is New?
•	 Over one-quarter of patients admitted with 

peripheral artery disease have comorbid mi-
crovascular disease, and major and minor am-
putation rates rose between 2011 and 2018 in 
patients with both conditions.

•	 After controlling for patient characteristics and 
comorbidities, comorbid microvascular disease 
was found to be associated with higher risk for 
major and minor amputation, major adverse 
cardiac events, in-hospital mortality, and read-
mission for patients with underlying peripheral 
artery disease.

What Are the Clinical Implications?
•	 Increased emphasis should be placed on as-

sessing for concurrent microvascular disease in 
addition to traditional cardiovascular risk factors 
for patients with peripheral artery disease.

Nonstandard Abbreviations and Acronyms

CLI	 critical limb ischemia
MACE	 major adverse cardiac events
MVD	 microvascular disease
NRD	 National Readmissions Database
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smoking status, depression, schizophrenia, bipo-
lar disorder, generalized anxiety disorder, and other 
stress-related disorders. History of prior amputation 
and current episode of critical limb ischemia (CLI) were 
collected as proxies of PAD disease severity.16 The 
type of admission (elective versus emergency depart-
ment visit) was also noted.

Study Exposures
Patients were separated into 3 mutually exclusive 
groups: those diagnosed with PAD-only, MVD-only, or 
comorbid PAD/MVD. Diagnoses of PAD and MVD were 
defined using International Classification of Diseases, 
Ninth Revision, Clinical Modification (ICD-9-CM) 
codes before October 1, 2015, after which the United 
States transitioned to the International Classification 
of Diseases, Tenth Revision, Clinical Modification and 
Procedure Coding System (ICD-10-CM/PCS). All ICD-
9-CM and ICD-10-CM/PCS codes for both conditions 
are in line with previously published work and were in-
dependently reviewed by 2 authors (M.A., P.L.).14,17–20 
All codes used in this study are available in Table S1 or 
were obtained as distinct NRD data elements.15

Study Outcomes
The primary outcomes for this study included major 
and minor amputations, MACE, in-hospital all-cause 
mortality, and readmission (Table S1). Major amputa-
tions were defined as amputations occurring during 
index admission above the level of the ankle joint.21 
Minor amputations were considered at or below this 
level. MACE was defined as instances of ST-segment 
elevation myocardial infarction, non–ST-segment el-
evation myocardial infarction, or ischemic stroke dur-
ing index admission. In-hospital mortality data were 
available as an NRD data element. Readmissions for 
any cause were considered within 1 calendar year or 
up to death, the maximum available timeframe within 
the NRD that subsequent admissions could be linked 
to the same patient within state inpatient databases. 
Secondary outcomes of the study included receiving a 
lower extremity endovascular or surgical revasculariza-
tion procedure, median length-of-stay, and costs as-
sociated with the index admission.

Statistical Analysis
Categorical variables were reported as counts with per-
centages, and continuous variables were reported as 
medians with first and third quartiles (Q1; Q3). Pairwise 
comparisons were made between disease groups 
using standardized mean differences (Cohen’s d). 
Pairwise differences were reported beyond the thresh-
old of |d|=0.2 (which corresponds to a “small” effect 
size).22,23 The corresponding risk of comorbidities as 

well as outcomes in the PAD-only, MVD-only, and PAD/
MVD were compared using relative risk (RR) ratios.

Multiple logistic regression was used to evaluate 
associations between disease group and major am-
putations, minor amputations, MACE, and in-hospi-
tal mortality. The models were adjusted for age, sex, 
elective admission status, median household income 
quartile by zip code, insurance status, calendar year, 
and comorbidities including hypertension, valvular dis-
ease, diabetes, coronary artery disease, heart failure, 
chronic lung disease, renal failure, anemia, hypothy-
roidism, obesity, smoking status, dyslipidemia, and 
depression in line with prior work.24,25

A Cox proportional hazard model was constructed 
to assess the association between readmission risk 
at 1 year and disease group.26 The model was ad-
justed for all observed baseline characteristics and co-
morbidities listed above. All statistical analyses were 
performed using SAS 9.4 (SAS Institute, Cary, NC) 
in accordance with recommended methodological 
standards.27

RESULTS
Patient Characteristics
A total of 35 625 645 admissions with a primary or 
secondary diagnosis of PAD or MVD were identified 
from 2011 to 2018. Of those admissions, 107 896 were 
excluded for age <18 years and 1 544 977 for nonath-
erosclerotic lower extremity injury, leaving a final co-
hort of 33 972 772 (Figure  1). There were ≈9.1 million 
admissions with PAD only, 21.3 million with MVD only, 
and 3.6 million carrying both diagnoses (Table 1). The 
study cohort was 52.6% male with median ages for 
the PAD, MVD, and PAD/MVD groups of 72.9 (63.9; 
81.4), 67.5 (56.0; 78.4), and 69.8 (60.4; 78.8) years, 
respectively, with no substantial differences between 
groups (all pairs |d|<0.2). Most patients received insur-
ance through Medicare (71.2%), followed by private in-
surance (13.8%), Medicaid (10.1%), or another insurer 
(2.2%); 2.2% of admissions were paid out-of-pocket, 
0.3% were free of charge, and 0.2% were missing 
insurance information (all pairs |d|<0.2). The median 
household income for the cohort fell predominantly into 
the lowest regional quartile (32.4%), followed by quar-
tile 2 (26.2%), quartile 3 (22.6%), and quartile 4 (17.3%) 
with 0.2% missing this information (all pairs |d|<0.2).

Compared with patients with PAD alone, those 
with PAD/MVD had higher rates of diabetes (RR=2.1, 
d=1.034), renal failure (RR=2.5, d=0.890), anemia 
(RR=1.4, d=0.295), and obesity (RR=1.7, d=0.340) at 
baseline. They also presented with more severe dis-
ease, as evidenced by more frequent prior amputations 
(RR=2.1, d=0.469) and current CLI (RR=1.9, d=0.469). 
For further between-group comparisons see Table 1.
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Primary and Secondary Outcomes by 
Disease Group
The PAD/MVD group had higher rates of major 
amputation compared with both the PAD (RR=1.8, 
d=0.324) and MVD groups (RR=25.2, d=1.805) 
(Table 2). Those with PAD/MVD also had higher rates 
of minor amputation than those with PAD (RR=3.0, 
d=0.637) or MVD (RR=11.5, d=1.388) alone. The dif-
ference in MACE was negligible between the PAD/
MVD and PAD-only groups (10.6% versus 9.9%, 
d=0.046), although higher compared with the MVD-
only group (10.6% versus 7.4%, d=0.216). In-hospital 
mortality did not substantially differ across groups (all 
pairs |d|<0.2).

With regard to secondary outcomes, rates of re-
ceiving either surgical or endovascular revascular-
ization were lower in the MVD group than in either 
the PAD or PAD/MVD groups (0.3% versus 11.2%, 
8.8%, d=−2.100, −1.956, respectively). Median length 
of stay fell between 3 and 5 days for all groups with 

negligible differences between groups (|d|<0.2 for all 
pairs). Median charges associated with admissions fell 
between $30 000 to $50 000 and again displayed no 
substantial differences between groups (|d|<0.2 for all 
pairs).

Trends in Annual Admissions, 
Amputations, MACE, and In-Hospital 
Mortality 2011 to 2018
From 2011 to 2018, annual admissions with PAD in-
creased from 1 028 521 to 1 353 793 (+31.6%), annual 
admissions with MVD increased from 2 478 490 to 
2 968 604 (+19.8%), and annual admissions with PAD/
MVD increased from 397 326 to 507 404 (+27.7%). 
During this period, major amputation rates remained 
relatively stable for patients with PAD alone (1.3% to 
1.3%) or MVD alone (0.1% to 0.1%) but increased from 
1.9% to 2.5% in patients with PAD/MVD (Figure  2A). 
Although minor amputation rates increased slightly 
for the PAD-only and MVD-only groups, the jump was 

Figure 1.  Study cohort flow diagram.
MVD indicates microvascular disease; NRD, National Readmissions Database; and PAD, 
peripheral artery disease.
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most pronounced for those with PAD/MVD (from 2.6% 
to 4.7%) (Figure 2B). During this timeframe, MACE rates 
decreased across all groups: from 12.4% to 5.8% for 
PAD-only, 8.9% to 4.9% for MVD-only, and 12.7% to 
6.9% for PAD/MVD (Figure  2C). In-hospital mortality 
remained relatively stable across groups (≈3%–4%) 
during the study period (Figure 2D).

Impact of Disease Group on Amputations, 
MACE, In-Hospital Mortality, and 
Readmissions
Even after adjustment for patient- and hospital-level 
characteristics, a concurrent diagnosis of MVD with 
PAD was more strongly associated with both major 

Table 1.  Baseline Sociodemographic Factors and Comorbidities Stratified by Disease Group

Characteristic

PAD-only MVD-only PAD/MVD Standardized difference (d)

N=9 133 257 N=21 270 667 N=3 568 848
MVD vs 
PAD

PAD/MVD vs 
PAD

PAD/MVD vs 
MVD

Age, y, median (Q1;Q3) 72.9 (63.9; 81.4) 67.5 (56.0; 78.4) 69.8 (60.4; 78.8) −0.035 −0.027 0.017

Sex, n (%) −0.096 0.098 0.194

Female 4 119 612 (45.1) 10 514 557 (49.4) 1 454 239 (40.8)

Male 5 013 645 (54.9) 10 756 110 (50.6) 2 114 609 (59.3)

Insurance status, n (%) 0.189 0.004 −0.183

Medicare 7 160 947 (78.4) 14 288 520 (67.2) 2 749 860 (77.1)

Medicaid 593 648 (6.5) 2 521 958 (11.9) 302 835 (8.5)

Private insurance 1 041 816 (11.4) 3 246 396 (15.3) 392 073 (11.0)

Self-pay 127 271 (1.4) 576 199 (2.7) 47 007 (1.3)

No charge 18 314 (0.2) 85 082 (0.4) 7077 (0.2)

Other 178 089 (2.0) 518 043 (2.4) 65 650 (1.8)

Missing 13 172 (0.1) 34 469 (0.2) 4346 (0.1)

Median household income, n (%) −0.061 −0.025 0.036

Quartile 1 (lowest) 2 819 192 (30.9) 7 053 533 (33.2) 1 139 507 (31.9)

Quartile 2 2 387 633 (26.1) 5 586 040 (26.3) 929 205 (26.0)

Quartile 3 2 112 701 (23.1) 4 761 195 (22.4) 817 109 (22.9)

Quartile 4 (highest) 1 689 388 (18.5) 3 559 284 (16.7) 634 755 (17.8)

Missing 124 343 (1.4) 310 615 (1.5) 48 272 (1.4)

Hypertension, n (%) 6 192 147 (67.8) 14 152 606 (66.5) 2 462 770 (69.0) −0.032 0.031 0.062

Valvular disease, n (%) 1 016 443 (11.1) 1 617 455 (7.6) 359 229 (10.1) −0.231* −0.062 0.170

Diabetes, n (%) 3 524 172 (38.6) 14 344 693 (67.4) 2 868 663 (80.4) 0.658* 1.034* 0.376*

Coronary artery disease, n (%) 4 952 811 (54.2) 8 075 151 (38.0) 2 099 861 (58.8) −0.364* 0.104 0.468*

Heart failure, n (%) 2 305 943 (25.3) 5 278 608 (24.8) 1 152 565 (32.3) −0.013 0.190 0.203*

Chronic lung disease, n (%) 3 149 123 (34.5) 5 624 927 (26.4) 1 078 629 (30.2) −0.210* −0.107 0.103

Renal failure, n (%) 2 290 239 (25.1) 11 847 022 (55.7) 2 238 468 (62.7) 0.730* 0.890* 0.161

Anemia, n (%) 2 403 870 (26.3) 6 312 107 (29.7) 1 352 048 (37.9) 0.092 0.295* 0.203*

Hypothyroidism, n (%) 1 358 972 (14.9) 3 474 851 (16.3) 544 186 (15.3) 0.061 0.016 −0.045

Obesity, n (%) 1 226 487 (13.4) 4 920 327 (23.1) 796 761 (22.3) 0.365* 0.340* −0.025

Smoking, n (%) 4 238 635 (46.4) 6 673 044 (31.4) 1 373 138 (38.5) −0.352* −0.180 0.173

Dyslipidemia, n (%) 5 231 127 (57.3) 10 292 693 (48.4) 2 184 244 (61.2) −0.197 0.090 0.287*

Prior amputation, n (%) 695 561 (7.6) 473 091 (2.2) 576 967 (16.2) −0.710* 0.469* 1.178*

CLI, n (%) 1 401 848 (15.4) 1 640 275 (7.7) 1 063 810 (29.8) −0.427* 0.469* 0.896*

Depression, n (%) 1 143 387 (12.5) 3 251 368 (15.3) 506 776 (14.2) 0.128 0.080 −0.048

Schizophrenia, n (%) 57 955 (0.6) 236 072 (1.1) 21 777 (0.6) 0.311* −0.022 −0.333*

Bipolar, n (%) 121 435 (1.3) 578 615 (2.7) 52 997 (1.5) 0.403* 0.062 −0.341*

Anxiety, n (%) 970 254 (10.6) 2 445 732 (11.5) 343 336 (9.6) 0.049 −0.061 −0.110

Stress-related disorders, n (%) 43 241 (0.5) 188 771 (0.9) 16 540 (0.5) 0.349* −0.012 −0.361*

CLI indicates critical limb ischemia; MVD, microvascular disease; PAD, peripheral artery disease; Q1, first quartile; and Q3, third quartile.
*Standardized differences (Cohen’s d) correspond to at least a “small” effect size (|d| ≥ 0.2).
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amputations (odds ratio [OR], 1.30 [95% CI, 1.28–1.32]) 
and minor amputations (OR, 2.15 [2.12–2.18]) com-
pared with PAD alone (Table 3). The same trend was 
observed for both MACE (OR, 1.04 [1.03–1.04]) and 
in-hospital mortality (OR, 1.07 [1.05–1.09]), although 
the magnitude of the effect was less pronounced. The 
1-year adjusted readmission risk was higher in PAD/
MVD relative to PAD-only (hazard ratio, 1.02 [1.02–
1.02]) (Table 4).

DISCUSSION
This study using nationally representative admissions 
data found comorbid MVD was present in 28.1% of all 
patients presenting to hospitals with PAD and that these 
patients have been increasing in number over time. 
Patients with comorbid PAD/MVD had higher rates of 
diabetes, chronic kidney disease, anemia, and obesity 
than their counterparts with PAD alone and presented 
with more severe PAD as evidenced by more frequent 
CLI and prior amputations. Compared with the PAD 
group, the PAD/MVD group had a 76% higher major 
amputation rate, a 202% higher minor amputation rate, 
with similar levels of MACE and in-hospital mortality. 
After adjustment for patient characteristics and co-
morbidities, MVD was found to significantly potentiate 
risk for major and minor amputation, MACE, in-hospital 
mortality, and readmission.

The observation of an interactive effect between 
PAD and MVD on risk of amputation complements prior 

work by Beckman et al within a veteran population, rep-
licating their findings in a nationally representative and 
more demographically diverse cohort.14 While the pre-
cise mechanism for this interaction remains unknown, it 
has been postulated that poor wound healing, impaired 
angiogenesis, and serial ischemic–reperfusion injuries 
contribute to chronic inflammation in patients with PAD/
MVD, which has been found to predict amputations in 
those with CLI.28,29 Our study demonstrates that the 
same pattern of potentiated risk extends to, but is less 
pronounced for, MACE, in-hospital mortality, and read-
missions. Our findings also bring into sharp focus the 
magnitude and temporality of the issue within the US 
hospital system. Annual admissions with concomitant 
PAD/MVD numbered over half a million in 2018 and rose 
27.7% over the study period: a growth rate 5 times that 
of the US census over the same time period.30 The stag-
gering size and steady expansion of the population with 
comorbid PAD/MVD is concerning but not unexpected 
given the abundance and growth of shared risk factors 
such as advanced age, diabetes, obesity, and chronic 
kidney disease within the US population.11,31,32 Given 
that the prevalence of conditions such as obesity are 
predicted to continue rising over the next 20 years and 
some forecast the prevalence of diabetes to as much as 
double by the year 2060, it is likely the clinical footprint of 
comorbid PAD/MVD will continue to expand.33,34

The rise in admissions with PAD/MVD is even more 
alarming contextualized by trends in amputations 
within this subpopulation. While major and minor am-
putation rates remained relatively stable from 2011 to 

Table 2.  Breakdown of Amputations, Revascularizations, MACE, In-Hospital Mortality, Length of Stay, and Total Charges 
of Admission Stratified by Disease Group

PAD-only MVD-only PAD/MVD Standardized difference (|d|)

Outcome N=9 133 257 N=21 270 667 N=3 568 848
MVD vs 
PAD PAD/MVD vs PAD PAD/MVD vs MVD

Minor amputation, n (%) 223 241 (2.4) 135 477 (0.6) 262 930 (7.4) −0.752* 0.637* 1.388*

Major amputation, n (%) 235 183 (2.6) 38 235 (0.2) 162 009 (4.5) −1.481* 0.324* 1.805*

Any amputation, n (%) 443 994 (4.9) 171 075 (0.8) 407 237 (11.4) −1.015* 0.510* 1.525*

Endovascular Revascularization, n (%) 658 121 (7.2) 52 961 (0.2) 235 075 (6.6) −1.895* −0.053 1.842*

Surgical revascularization, n (%) 500 990 (5.5) 7545 (0.0) 113 631 (3.2) −2.810* −0.313* 2.497*

Any revascularization, n (%) 1 020 386 (11.2) 59 157 (0.3) 315 356 (8.8) −2.100* −0.144 1.956*

STEMI, n (%) 368 267 (4.0) 613 832 (2.9) 149 809 (4.2) −0.191 0.023 0.214*

NSTEMI, n (%) 640 087 (7.0) 1 085 322 (5.1) 294 116 (8.2) −0.186 0.097 0.283*

Ischemic stroke, n (%) 175 518 (1.9) 345 737 (1.6) 60 412 (1.7) −0.094 −0.071 0.023

MACE, n (%) 902 192 (9.9) 1 584 635 (7.4) 379 912 (10.6) −0.170 0.046 0.216*

In-hospital mortality, n (%) 368 142 (4.0) 694 932 (3.3) 130 858 (3.7) −0.120 −0.054 0.066

LOS, d, median (Q1;Q3) 3.5 (1.7, 6.7) 3.5 (1.9, 6.5) 4.4 (2.2, 8.3) −0.001 0.023 0.020

Total charges, $, median (Q1; Q3) 41 496 (21 684; 
82 186)

34 433 (18 457; 
67 591)

46 333 (23 795; 
93 405)

−0.005 0.006 0.009

LOS indicates length of stay; MACE, major adverse cardiac events; MVD, microvascular disease; NSTEMI, non–ST-segment–elevation myocardial infarction; 
PAD, peripheral artery disease; Q1, first quartile; Q3, third quartile; and STEMI, ST-segment–elevation myocardial infarction.

*Standardized Differences (Cohen’s d) correspond to at least a “small” effect size (|d|≥0.2).
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2018 for those with PAD alone, both rates increased 
≈50% for those with comorbid MVD. This growth 
mirrors sharp uptrends in CLI-related admissions be-
tween 2011 and 2017 previously described by Harris 
et al primarily driven by younger patients with higher 
burdens of obesity and diabetes.35 Although the cause 
for increasing amputations among those admitted with 
PAD/MVD is likely multifactorial, a partial explanation 

might stem from the observation that nontraumatic 
amputation rates in young and middle-aged men with 
diabetes rose from 2000 to 2015.36 Some attribute this 
trend to the skyrocketing of insulin prices in the early 
2000s.37 For context, the cost of a vial of Humalog (Eli 
Lilly and Company, Indianapolis, Indiana) rose 1000% 
between 1999 and 2019 to $332 per vial.38 Given the 
majority of patients in this study fell into the lowest 

Figure 2.  Trends in adverse outcomes among patients with PAD, MVD, or Comorbid PAD/MVD from 2011 to 2018.
A, Trends in major amputation counts and rates. B, Trends in minor amputation counts and rates. C, Trends in major adverse cardiac 
event counts and rates. D, Trends in-hospital mortality counts and rates. MVD indicates microvascular disease; and PAD, peripheral 
artery disease.

Table 3.  Multiple Logistic Regression Models for Amputations, MACE, and In-Hospital Mortality by Disease Group

Disease group Minor amputation Major amputation MACE In-hospital mortality

OR 95% CI OR 95% CI OR 95% CI OR 95% CI

Unadjusted models

PAD-only (reference) 1.00 1.00 1.00 1.00

MVD-only 0.26 0.25 0.26 0.07 0.07 0.07 0.73 0.73 0.74 0.80 0.80 0.81

PAD/MVD 3.18 3.13 3.22 1.80 1.77 1.83 1.09 1.08 1.10 1.08 1.07 1.09

Adjusted models*

PAD-only (Reference) 1.00 1.00 1.00 1.00

MVD-only 0.15 0.14 0.15 0.05 0.05 0.05 0.66 0.61 0.70 0.73 0.73 0.74

PAD/MVD 2.15 2.12 2.18 1.30 1.28 1.32 1.04 1.03 1.04 1.07 1.05 1.09

MACE indicates major adverse cardiac events; MVD, microvascular disease; OR, odds ratio; and PAD, peripheral artery disease.
*Adjusted for age, sex, emergency department visit, elective admission status, median household income, insurance status, categorical calendar year, 

and comorbidities including hypertension, valvular disease, diabetes, coronary artery disease, heart failure, chronic lung disease, renal failure, anemia, 
hypothyroidism, obesity, smoking status, dyslipidemia, and depression.
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quartile of household income of their area, a nonzero 
proportion of admissions were paid out-of-pocket, and 
an average admission costs tens of thousands of dol-
lars, it is probable this subpopulation faced substantial 
financial barriers to accessing medications that could 
have otherwise prevented progression of their micro-
vascular disease.

Of note, we also found that this vulnerable subpopu-
lation received invasive treatment less often than those 
with PAD alone. Surgical and endovascular revascu-
larization rates were >20% lower for patients with PAD 
and MVD compared with those without MVD, despite 
these patients presenting more frequently with CLI 
and thus an indication for invasive treatment under the 
most recent America Heart Association guidelines.39 
The observed gap in revascularization therapy is likely 
compounded by patients with diabetes and chronic 
kidney disease responding less durably to revascu-
larization of femoropopliteal disease.40 One possible 
explanation for this difference in treatment might be 
that those with conditions such as diabetic neuropathy 
are less likely to notice foot wounds or infection early 
and are more likely to present with more extensive or 
irreversible tissue damage that would necessitate am-
putation without first undergoing revascularization.41 It 
is also possible these patients more frequently present 
with few favorable targets for revascularization therapy, 
which would not have been captured by this study.

There is increasing recognition of MVD as a sys-
temic process of widespread microvascular dysfunc-
tion.9 Our finding that MVD is independently associated 
with adverse outcomes in PAD after controlling for dis-
eases such as renal failure and diabetes further sup-
ports this paradigm shift, underscoring the finding that 
this newly recognized population is at a remarkably 
elevated risk for adverse outcomes upon hospitaliza-
tion, particularly amputation. The high morbidity and 

mortality associated with PAD has prompted move-
ments such as the PAD National Action Plan spear-
headed by the American Heart Association aimed at 
enhancing PAD prevention, diagnosis, and treatment.42 
We contend that screening for MVD alongside estab-
lished comorbidities such as chronic kidney disease 
and diabetes in patients presenting with PAD could 
advance these goals by helping risk-stratify during the 
shared decision-making process. Although noninva-
sive macrovascular tests such as ankle brachial index 
and pulse volume recording remain a cornerstone of 
PAD care, providers should consider placing increas-
ing emphasis on toe brachial indexes and transcuta-
neous oxygen pressures as proxies of microvascular 
health while assessing patients. While current guide-
lines recommend evaluating toe brachial indexes in the 
setting of noncompressible ankle brachial index or in 
suspected CLI, we contend wider screening may im-
prove risk stratification for mortality, amputations, and 
readmission within the PAD population.39 Patients and 
providers alike would benefit from further education 
and prospective research into the synergistic role of 
MVD in PAD. Additionally, exploration of interactions 
between MVD and other emerging risk factors in PAD, 
such as frailty and malnutrition, would also enhance 
our understanding of what drives adverse outcomes in 
this population.

Limitations
This study had several limitations. The first are those 
inherent to retrospective study design such as lack of 
randomization and the potential for confounding. To 
minimize the chance of confounding, models were ad-
justed for observed patient factors and comorbidities. 
Secondly, although the NRD is a powerful research 
tool, admissions records are not linked to individuals 
across states or calendar years. Therefore, our read-
missions rates are likely underestimates and accu-
rately measuring longer-term outcomes is not feasible. 
Thirdly, due to MVD’s novelty as a subject of outcomes 
research, there is not yet an established set of diag-
nostic codes used to capture the disease. To address 
this issue, the study derived PAD and MVD codes from 
previous studies.4,14,19 Although these codes encom-
pass MVD in the peripheral nervous system, retina, 
and nephron, they fail to capture microvascular dys-
function elsewhere in the body. Also as pointed out by 
Beckman et al, missing MVD diagnoses due to omitted 
codes would likely be distributed evenly across groups 
and thus bias any results towards the null.14

CONCLUSIONS
Our study found more than one quarter of all patients 
admitted with PAD had comorbid MVD. Between 2011 

Table 4.  Cox Proportional Hazard Models for 1-Year 
Readmission Risk

Disease group Hazard ratio 95% CI P value

Unadjusted Model

PAD-only 1 [Reference]

MVD-only 0.97 0.97 0.97 <0.0001

PAD/MVD 1.03 1.03 1.03 <0.0001

Adjusted model*

PAD-only 1 [Reference]

MVD-only 0.95 0.95 0.95 <0.0001

PAD/MVD 1.02 1.02 1.02 <0.0001

MVD, microvascular disease; and PAD, peripheral artery disease.
*Adjusted for age, sex, emergency department visit, elective admission 

status, median household income, insurance status, categorical calendar 
year, and comorbidities including hypertension, valvular disease, diabetes, 
coronary artery disease, heart failure, chronic lung disease, renal failure, anemia, 
hypothyroidism, obesity, smoking status, dyslipidemia, and depression.
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and 2018, PAD/MVD admissions increased in number 
and their major and minor amputation rates rose sub-
stantially. After controlling for patient factors and other 
comorbidities, comorbid MVD in patients with PAD was 
associated with significantly increased risk for major 
and minor amputation, and to a lesser degree MACE, 
in-hospital mortality, and readmission. Increased em-
phasis on assessing for MVD in addition to other co-
morbidities during PAD care might aid providers in risk 
stratification. Further prospective research is needed 
to phenotype this vulnerable population and their re-
sponsiveness to different treatment modalities. Focus 
should also be placed on uncovering mechanisms be-
hind the increased risk of adverse events in the PAD/
MVD population.
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