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with 1-year mortality (HR 2.4, 1.3-4.3, p=0.003); however, the association was no longer significant
(HR 1.4, 0.7-2.6, p=0.310) after adjusting for possible confounders.

CONCLUSIONS: Conservative surgical approaches, targeted antimicrobial prophylaxis, and increased
surveillance for patients with IP-SSI risks may play a critical roleto limit IP-SSI in the LT population.
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© 2025 The Authors. Published by Elsevier Inc. on behalf of International Society for Heart and Lung
Transplantation. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Background

While graft survival after lung transplant (LT) has increased
in the last decades, the median graft survival in adult LT
recipients remains substantially inferior to the graft survival
reported for other solid organ transplant populations (5.8
years in adult LT recipients vs. 11.3 years in adult heart
transplant recipients).” When international transplant re-
gistries were analyzed, many factors, including female sex,
obesity, transplant indication, ECMO support, ventilator
support, and renal dysfunction, were shown to affect graft
survival after LT." Unfortunately, international registries
lacked the ability to assess the contribution of infectious
complications to post-transplant outcomes. Despite a pau-
city of multi-center analyses, prior single-center studies
observed worse clinical outcomes among LT recipients
diagnosed with surgical site infections (SSI).” ~ Given the
potential contribution of SSI to adverse post-transplant
outcomes, the identification of risk factors for SSI is a
critical step for defining and adopting appropriate pre-
ventive measures. To date, only three retrospective single-
center studies attempted to identify risk factors for SSI after
LT.” " Unfortunately, these studies suffer many limitations
that affect the validity and generalizability of their con-
clusions, such as use of historic non-contemporary LT co-
horts, small sample sizes, inclusion of non-invasive surgical
site infections, heterogenous SSI surveillance windows, and
simple statistical methodology. In this study, we aimed to
identify risk factors for invasive SSI and assessed the im-
pact of invasive SSI on transplant outcomes among a large
contemporary cohort of LT recipients in a major US
transplant center.

Methods
Study design

We performed an observational single-center retrospective
cohort study of all adult patients who underwent a LT between
January 1, 2017 and December 31, 2021 at Duke University
Hospital (Durham, North Carolina). This study was approved
by the Duke University Health System Institutional Review
Board (IRB number: Pro00104142) and was conducted in
accordance with the ISHLT ethics statement. Study data were
collected and managed using REDCap electronic data capture
tools hosted at Duke University.” ’

Study population

Eligible patients were 18 years of age or older and met all
the following criteria: (i) LT performed at Duke University
Hospital during the 5-year study period; (ii) at least 12-
month post-transplant clinical follow-up available, unless
death occurred before the 12-month mark; and (iii) ad-
ministration of peri-operative antimicrobial prophylaxis and
induction immunosuppression as per institutional protocols,
as detailed in our previous publication.” Patients receiving
multi-organ transplants were excluded.

Definitions and adjudication process for surgical
site infections (SSI)

Using the 2024 Centers for Disease Control and Prevention
(CDC) - National Healthcare Safety Network (NHSN) de-
finitions for surgical site infections (SSI), SSI were defined
as superficial incisional, deep incisional, and organ/space
SSL® Deep incisional SSI and organ/space SSI were con-
sidered invasive SSI. For this study, only invasive primary
SSI (IP-SSI) were evaluated: secondary (not involving the
primary incision) and superficial (more difficult to retro-
spectively adjudicate) SSI were excluded. A 90-day sur-
veillance period following LT was considered for IP-SSI.
Additional details on the adjudication process for [P-SSI are
described in our previous publication.’

Other study definitions

In accordance with the standardized international termi-
nology created by the European Centre for Disease
Prevention and Control and the United States Centers CDC
to describe acquired resistance profiles, multidrug re-
sistance (MDR) among Enterobacteriaceae (other than
Salmonella and Shigella) and Pseudomonas aeruginosa
was defined as resistance to at least one agent in at least
three antimicrobial categories. Multidrug resistance (MDR)
among Gram positive organisms was defined by the pre-
sence of methicillin-resistance among Staphylococci or by
the presence of vancomycin-resistant among Enterococci.’
Airways colonization/infection in the 12 months prior to
transplant was defined as a positive respiratory culture for
Gram negative bacteria, MDR bacteria (including methi-
cillin-resistant  Staphylococci and vancomycin-resistant
Enterococci), mycobacteria, or molds in the 12 months
prior to transplant. Donor positive respiratory or blood
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cultures was defined as respiratory or blood cultures col-
lected in the donor during the terminal hospitalization or at
time of organ procurement and yielding at least one clini-
cally significant microorganism. Respiratory cultures
growing oropharyngeal flora and blood cultures growing
contaminants were excluded.'’ Post-transplant thoracic re-
operation, bronchial anastomotic dehiscence, and enhanced
immunosuppression within 90 days of transplant were de-
fined as events occurring within 90 days of transplant and
before the diagnosis of IP-SSI (in patients diagnosed with
IP-SSI). One year mortality was defined as all-cause
mortality from the time of transplant to 365 days after
transplant.

Study objectives

The primary aim of this study was to identify risk factors
for IP-SSI among LT recipients. Secondary aims were to
describe the rates of clinical outcomes (including LOS and
in-hospital mortality) in LT recipients diagnosed with IP-
SSI and assess the relationship between IP-SSI diagnosis
and 1-year mortality.

Statistical analysis

Continuous variables were summarized by the median with
25th and 75th percentiles (Q1, Q3), while categorical
variables were presented as frequencies and percentages.

Risk factors for IP-SSI

To identify features associated with IP-SSI, Least Absolute
Shrinkage and Selection Operator (LASSO) for logistic
regression was implemented as a variable selection proce-
dure.'' Based on epidemiologic plausibility, the following
variables were considered: age at transplant, underlying
disease, pre-transplant diabetes, airway colonization/infec-
tion in the 12 months prior to transplant, donor positive
respiratory or blood cultures, repeat lung transplantation,
surgical approach (SOLT vs. BOLT), operative time, lung
ischemic time, intra-operative PRBC units, primary closure,
post-transplant thoracic re-operation within 90 days of
transplant, enhanced immunosuppression within 90 days of
transplant, and ECMO by day 3 post-transplant.” " The
variable intra-operative PRBC was categorized into 0, 14,
5+ units due to a nonlinear relationship. Continuous vari-
ables were standardized before entering into the model and
the tuning parameter (minimizing deviance) was selected
by 10-fold cross validation. The unregularized odds ratios
(OR) for all variables selected by LASSO model were
presented with confidence intervals (CI) derived using a
post selection inference procedure (R package Selective
Inference).'” Univariable logistic regression models were
also fit to each of the 14 potential risk factors to determine
the association between each risk factor and IP-SSI. To
account for possible biases due to death before IP-SSI di-
agnosis (within 90 days), two sensitivity analyses were
conducted a) excluding patients who died within 90 days

without IP-SSI diagnosis, and b) excluding all patients who
died within 90 days.

Clinical outcomes and IP-SSI

Rates of clinical outcomes [rejection requiring treatment,
CMV DNAemia > 450 IU/ml, 1-year mortality, in-hospital
mortality, length of hospital stay (LOS) since transplant ad-
mission, intensive care unit (ICU) LOS during index trans-
plant admission] stratified by IP-SSI diagnosis were reported
descriptively. For in-hospital outcomes, rates were presented
stratified by occurrence of IP-SSI diagnosis during the index
transplant hospital stay (IP-SSI diagnosis during the index
transplant hospital stay vs. no IP-SSI or IP-SSI diagnosis
after discharge). To visualize the relationship between IP-SSI
diagnosis and 1-year mortality, a Kaplan Meier survival
curve was presented stratified by IP-SSI diagnosis (time
varying covariate). The index date was the date of transplant,
and all events were administratively censored at day 365
post-transplant. To evaluate associations between IP-SSI
diagnosis and 1-year mortality, Cox Proportional Hazard
(Cox PH) models both unadjusted and adjusted for con-
founders were presented. Possible confounders were identi-
fied based on epidemiologic plausibility and included age at
transplant, gender, underlying disease, transplant procedure
(unilateral vs. bilateral orthotopic LT), operative time, intra-
operative units of packed red blood cells (PRBC) used (0,
1-4, 5+), use of extracorporeal membrane oxygenation
(ECMO) by day 3 post-transplant, renal replacement therapy
within 90 days of transplant, CMV infection within 365 days
of transplant, and enhanced immunosuppression within 365
days of transplant.” ' '* IP-SSI, renal replacement therapy,
CMYV infection, and enhanced immunosuppression were fit
as time varying covariates. The proportional hazards as-
sumption was evaluated for each covariate. Sensitivity ana-
lyses with time-dependent coefficients were performed to
address mild departures from the proportionality assumption.

For all analyses, complete cases were used, p-values
were not adjusted for multiple testing, and relevant as-
sumptions were evaluated (linearity of continuous covari-
ates, proportional hazard assumption). All analyses were
conducted using SAS 9.4 (SAS Institute, Inc., Cary, NC)
and R 4.4.1.

Results
Epidemiology of IP-SSI

Five-hundred sixty-eight adult lung transplants were per-
formed at Duke University Hospital in the period
2017-2021. The majority of LT recipients were male
(59.0%) and median age at transplant was 62.9 years (Q1-
Q3 51.6-68.3). The most common indication for LT was
restrictive lung diseases (70.1%), followed by obstructive
lung diseases (18.1%), cystic fibrosis or im-
munodeficiencies (8.3%), and pulmonary vascular diseases
(3.5%) (Table 1). Of 568 LT surgeries, 74 (13.0%) were
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Table 1

2017 - Dec 31, 2021 Stratified by Invasive Primary Surgical Site Infections (IP-SSI) Diagnosis

Baseline Characteristics of Adult Patients who Received a Lung Transplant at Duke University Hospital in the period Jan 1,

IP-SSI n=74 No IP-SSI n=494 Total n=568

Pre-transplant characteristics
Male sex, n (%) 50 (67.6) 285 (57.7) 335 (59.0)
Race, n (%)

Caucasian 61 (82.4) 433 (87.7) 494 (87.0)

African American 11 (14.9) 50 (10.1) 61 (10.7)

Other 2 (2.7) 11 (2.2) 13 (2.3)
Hispanic ethnicity, n (%) 2 (2.7) 7 (1.4) 9 (1.6)
Age at transplant (years), median (Q1-Q3) 61.7 (47.2-68.7) 63.2 (51.8-68.3) 62.9 (51.6-68.3)
Underlying disease leading to transplant, n (%)

Group A (obstructive lung diseases) 4 (5.4) 99 (20.0) 103 (18.1)

Group B (pulmonary vascular diseases) 4 (5.4) 16 (3.2) 20 (3.5)

Group C (cystic fibrosis or immunodeficiencies) 6 (8.1) 41 (8.3) 47 (8.3)

Group D (restrictive lung diseases) 60 (81.1) 338 (68.4) 398 (70.1)
BMI at transplant, median (Q1-Q3) 25.4 (22.0-27.5) 25.4 (22.2-27.5) 25.4 (22.1-27.5)
Days admitted before transplant, median (Q1-Q3) 0.0 (0.0-1.0) 0.0 (0.0-1.0) 0.0 (0.0-1.0)
Pre-transplant immunosuppressive therapy, n (%) 24 (32.4) 103 (20.9) 127 (22.4)
Pre-transplant diabetes, n (%) 19 (25.7) 95 (19.2) 114 (20.1)

Airways colonization/infection with Gram negative bacteria in

the 12 months prior to transplant, n (%)
Airways colonization/infection with multi-drug-resistant
bacteria in the 12 months prior to transplant, n (%)
Airways colonization/infection with mycobacteria in the 12
months prior to transplant, n (%)

Airways colonization/infection with molds in the 12 months

prior to transplant, n (%)

Airways colonization/infection in the 12 months prior to transplant,

n (%)
Prior thoracic surgery, n (%)
Prior sternotomy, n (%)
LAS score at time of transplant, median (Q1-Q3)
Transplant characteristics
Repeat lung transplantation, n (%)
Operative time (hours), median (Q1-Q3)
Intra-operative PRBC (units), median (Q1-Q3)
Primary closure, n (%)
Surgical approach, n (%)
Bilateral orthotopic lung transplant (BOLT)
Single left or right orthotopic lung transplant (SOLT)
Lung volume reduction, n (%)
Intra-operative max perfusion support, n (%)
Off pump
VV ECMO
VA ECMO
VAV ECMO
Cardiopulmonary bypass
Recipient left lung ischemic time (min), median (Q1-Q3)
Recipient right lung ischemic time (min), median (Q1-Q3)
Donor increased risk, n (%)
Donor after circulatory death (DCD), n (%)
Donor age (years), median (Q1-Q3)
Donor male sex, n (%)
Donor race, n (%)
Caucasian
African American
Other
Donor Hispanic ethnicity, n (%)
Donor diabetes, n (%)

12/74 (16.2)
8/74 (10.8)
5/74 (6.8)
6/74 (8.1)
13/74 (17.6)

32 (43.2)
9 (12.2)
50.2 (41.1-61.9)

7 (9.5)

10.2 (9.2-12.3)
0.0 (0.0-4.0)
46 (62.2)

66 (89.2)
8 (10.8)
2 (2.7)

21 (28.4)

3 (4.0)

29 (39.2)

1 (1.4)

20 (27.0)

413.0 (330.0-519.0)
415.0 (360.0-504.0)
25 (33.8)

9 (12.2)

33.5 (26.0-49.0)

45 (60.8)

55 (74.3)
13 (17.6)
6 (8.1)
4 (5.4)
6/73 (8.2)

82/491 (16.7)
57/491 (11.6)
26/490 (5.3)
39/491 (7.9)
82/490 (16.7)

143 (29.0)
44 (8.9)
43.9 (37.4-54.7)

26 (5.3)

9.5 (8.5-10.8)
0.0 (0.0-1.0)
423 (85.6)

448 (90.7)
46 (9.3)
8 (1.6)

179 (36.2)

24 (4.9)

221 (44.7)

2 (0.4)

68 (13.8)

393.0 (324.0-478.0)
402.5 (338.0-481.5)
157 (31.8)

66 (13.4)

34.0 (26.0-45.0)
299 (60.5)

337 (68.2)
98 (19.8)

59 (11.9)

47 (9.5)
40/493 (8.1)

94/565 (16.6)
65/565 (11.5)
31/564 (5.5)

45 /565 (7.9)
95/564 (16.8)

175 (30.8)
53 (9.3)
44.5 (37.8-55.3)

33 (5.8)

9.6 (8.6-10.9)
0.0 (0.0.-2.0)
469 (82.6)

514 (90.5)
54 (9.5)
10 (1.8)

200 (35.2)

27 (4.8)

250 (44.0)

3 (0.5)

88 (15.5)

396.0 (327.0-482.0)
405.0 (342.0-487.0)
182 (32.0)

75 (13.2)

34.0 (26.0-45.5)
344 (60.6)

392 (69.0)
111 (19.5)
65 (11.5)

51 (9.0)
46/566 (8.1)

(continued on next page)
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Table 1 (Continued)
IP-SSI n=74 No IP-SSI n=494 Total n=568
Donor mechanism of death, n (%)
Asphyxiation 3 (4.1) 19 (3.9) 22 (3.9)
Blunt injury 11 (14.9) 99 (20.0) 110 (19.4)
Cardiovascular 9 (12.2) 43 (8.7) 52 (9.2)
Drowning 0 (0.0) 1(0.2) 1(0.2)
Drug intoxication 16 (21.6) 101 (20.5) 117 (20.6)
Gunshot wound 9 (12.2) 75 (15.2) 84 (14.8)
Intracranial hemorrhage/stroke 19 (25.7) 125 (25.3) 144 (25.4)
Natural causes 3 (4.1) 5 (1.0) 8 (1.4)
Seizure 2 (2.7) 9 (1.8) 11 (1.9)
Stab 1 (1.4) 0 (0.0) 1(0.2)
None of the above 1 (1.4) 17 (3.4) 18 (3.2)
Donor positive respiratory cultures, n (%) 50/74 (67.6) 296/491 (60.3) 346/565 (61.2)
Donor positive blood cultures (contaminants excluded), n (%) 4/73 (5.5) 21/490 (4.3) 25/563 (4.4)

Donor positive respiratory or blood cultures (contaminants
excluded), n (%)

Donor left bronchoscopy abnormal, n (%)

Donor right bronchoscopy abnormal, n (%)

CMV D+/R- status

Post-transplant characteristics

Post-transplant CRRT/HD within 90 days, n (%)

ECMO by day 3 post-transplant, n (%)

Extubation >48 h post transplant, n (%)

Reintubation during index transplant hospital stay, n (%)

Post-transplant thoracic re-operation within 90 days of
transplant, n (%)

Chest drain at day 14 post-transplant, n (%)

Open chest at day 7 post-transplant, n (%)

Open chest at day 30 post-transplant, n (%)

Post-transplant bronchial anastomotic dehiscence within 90
days of transplant, n (%)

Enhanced immunosuppression within 90 days of transplant, n (%)

CMV DNAemia > 450 IU/ml within 90 days of transplant, n (%)

50/74 (67.6)

20/69 (29.0)
16/69 (23.2)

304/491 (61.9)

90/465 (19.4)
77/465 (16.6)

354/565 (62.7)

110/534 (20.6)
93/534 (17.4)

19 (25.7) 139 (28.1) 158 (27.8)

24 (32.4) 54 (10.9) 78 (13.7)

18 (24.3) 40 (8.1) 58 (10.2)

50 (67.6) 217 (43.9) 267 (47.0)

22 (29.7) 87 (17.6) 109 (19.2)

37 (50.0) 126 (25.5) 163 (28.7)
56/74 (75.7) 265/492 (53.9) 321/566 (56.7)
4 (5.4) 10 (2.0) 14 (2.5)

1 (1.4) 6 (1.2) 7 (1.2)

1 (1.4) 18 (3.6) 19 (3.4)

23/74 (31.1)
3 (4.1%)

225/492 (45.7)
9 (1.8)

248/566 (43.8)
12 (2.1)

* In cases of missing data, denominator was specified.

complicated by IP-SSI within 90 days of transplant. IP-SSI
were diagnosed at median of 43.5 (IQR 23.0-61.0) days
post-transplant. Both monomicrobial and polymicrobial IP-
SSI were encountered. Overall, microbiology of IP-SSI was
dominated by Gram positive bacteria (52.4%). Gram ne-
gative bacteria, yeasts, mollicutes, molds, and non-tu-
berculous mycobacteria accounted for 20.0%, 11.4%, 9.5%,
3.8%, and 2.9% of the pathogens causing IP-SSI, respec-
tively (Table 2).

Risk factors for IP-SSI

Underlying disease, operative time, intra-operative PRBC
units, primary closure, post-transplant thoracic re-operation
within 90 days of transplant, enhanced immunosuppression
within 90 days of transplant, and ECMO by day 3 post-
transplant, were all found to be significantly associated with
IP-SSI in univariable logistic regression models (Table 3).

When LASSO was implemented as a variable selection
procedure, eight parameters were retained in the final
model: restrictive lung disease, obstructive lung disease,
donor positive respiratory or blood cultures, operative time,

primary closure,

post-transplant thoracic re-operation

within 90 days of transplant, enhanced immunosuppression
within 90 days of transplant, and ECMO by day 3 post-
transplant. Restrictive lung disease, donor positive re-
spiratory or blood cultures, operative time, post-transplant
thoracic re-operation within 90 days of transplant, and
ECMO by day 3 post-transplant were found to be positively
associated with IP-SSI. On the contrary, obstructive lung
disease, primary closure, and enhanced immunosuppression
within 90 days of transplant were found to be negatively
associated with IP-SSI (Table 3). Sensitivity analyses
generated mostly similar results (Tables S1-S2). Of note,
when patients who died within 90 days from transplant
were excluded, the analysis did not select the variables
restrictive lung disease and donor positive respiratory or
blood cultures (Table S2).

Clinical outcomes and IP-SSI

Rates of clinical outcomes stratified by IP-SSI diagnosis (or
IP-SSI diagnosis during the index transplant hospital stay)
are presented in Table 4. Similar rates of rejection and
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Table 2 Microbiology of Invasive Primary Surgical Site
Infections (IP-SSI) Diagnosed Among Adult Patients Who
Received a Lung Transplant at Duke University Hospital in the
Period Jan 1, 2017 - Dec 31, 2021

Gram Positive Bacteria Isolates, n
Enterococcus faecium vancomycin resistant 11
Enterococcus faecalis 2
Staphylococcus coagulase negative 10

Staphylococcus aureus methicillin resistant 9
Staphylococcus aureus methicillin sensitive 9
Corynebacterium spp. 4
Lactobacillus spp. 3
Streptococcus spp. 3
Clostridium spp. 1
Micrococcus spp. 1
Other Gram positive bacteria (reported as mixed 2
Gram positive organisms and mixed Gram
positive anaerobes)
Total 55 (52.4%)

Gran Negative Bacteria Isolates, n
Pseudomonas aeruginosa 4
Enterobacter spp. 4
Klebsiella spp. 3
Burkholderia spp. 1
Campylobacter curvus 1
Escherichia coli 1
Fusobacterium nucleatum 1
Prevotella denticola 1
Serratia spp. 1
Stenotrophomonas maltophilia 1
Veillonella spp. 1
Other Gram negative bacteria (reported as 2

mixed Gram negative organisms and mixed

Gram negative anaerobes)
Total 21 (20.0%)
Mollicute Isolates, n
Ureaplasma spp. 6
Mycoplasma spp. 4
Total 10 (9.5%)
Yeasts Isolates, n
Candida glabrata 8
Candida krusei 2
Candida parapsilosis 1
Malassenzia furfur 1
Total 12 (11.4%)
Molds Isolates, n
Aspergillus fumigatus 1
Aspergillus ustus 1
Curvularia spp. 1
Mucor spp. 1
Total 4 (3.8%)
Nontuberculous mycobacteria Isolates, n
Mycobacterium abscessus complex 2
Mycobacterium fortuitum 1
Total 3 (2.9%)
Total 105

CMV infection were observed in patients with and without
IP-SSI from day 91 to day 365 post-transplant. However,
patients with IP-SSI had longer ICU stays and overall

hospital LOS. In-hospital mortality and 1-year mortality
were also higher among patients diagnosed with IP-SSI
(Table 4).

Per Figure 1, survival probability 1-year post-transplant
was lower for patients diagnosed with IP-SSI compared to
patients without IP-SSI [77.5% (67.9-88.4) vs. 88.2%
(85.5-91.1)].

Based on an unadjusted Cox PH model, the hazards for
1-year mortality were significantly higher for patients with
IP-SSI than without IP-SSI (2.4; 95% CI 1.3-4.3). After
adjusting for potential confounders (age at transplant,
gender, underlying disease, transplant procedure, operative
time, intra-operative units of PRBC used, use of ECMO by
day 3 post-transplant, renal replacement therapy within 90
days of transplant, CMV infection within 365 days of
transplant, and enhanced immunosuppression within 365
days of transplant), the association was no longer sig-
nificant (1.4; 95% CI 0.7-2.6), suggesting other covariates
may explain some of the associations between IP-SSI and
I-year mortality (Table 5 and Table S3). Due to mild vio-
lations of the proportional hazard assumption, a sensitivity
analysis that included time dependent coefficients was
performed, yielding similar results (Table S4).

Discussion

This study provides contemporary insight on risk factors for
IP-SSI in the LT population, showing an increased risk of
[P-SSI among patients with restrictive lung disease, donor
positive respiratory or blood cultures, prolonged operative
time, delayed chest closure, post-transplant thoracic re-op-
eration within 90 days of transplant, and use of ECMO by
day 3 post-transplant in a major US transplant center. In
addition, this study demonstrates a trend towards worse
clinic outcomes among patients diagnosed with IP-SSI.

IP-SSI affected 13.0% of the LT surgeries performed at
our center in the period 2017-2021. This rate falls between
the rates documented by prior studies (5.0%—15.7%).” "
Comparability of SSI rates across different studies is lim-
ited by variability in study methodology, including study
period, duration of surveillance for SSI, inclusion/exclusion
of superficial SSI, inclusion/exclusion of repeat LT sur-
geries and heterogenicity in epidemiology and clinical
practices (e.g. surgical approach, antimicrobial prophylaxis,
and immunosuppression strategy) across centers.”

Our study identified restrictive lung disease, donor po-
sitive respiratory or blood cultures, prolonged operative
time, post-transplant thoracic re-operation within 90 days of
transplant, and use of ECMO by day 3 post-transplant as
risk factors for IP-SSI, while obstructive lung disease, pri-
mary closure, and enhanced immunosuppression within 90
days of transplant were found to be associated with de-
creased risk. The identification of restrictive lung disease,
donor positive respiratory or blood cultures, prolonged
operative time, delayed chest closure, post-transplant thor-
acic re-operation within 90 days of transplant, and use of
ECMO by day 3 post-transplant and as risk factors for IP-
SSI was consistent with clinical observations. The small
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Table 3  Risk Factors for IP-SSI: Univariable and Multivariable (Selected by LASSO) Models for Associations Between IP-SSI and Risk

Factors

Univariable Models n=568 Multivariable Model LASSO n=559

OR (95% CI) p-value OR (95% CI)* p-value

Age at transplant (per 10 units)
Underlying disease
Group C (cystic fibrosis or immunodeficiencies)
Group D (restrictive lung diseases)
Group A (obstructive lung diseases)
Group B (pulmonary vascular diseases)
Pre-transplant diabetes
Airway colonization/infection in the 12 months prior to
transplant (n=564)
Donor positive respiratory or blood cultures (n=565)
Repeat lung transplantation
Surgical approach (SOLT vs. BOLT)
Operative time (hours)**

Lung ischemic time (min)

Intra-operative PRBC (units)
0
1-4
5+

Primary closure

Post-transplant thoracic re-operation within 90 days of
transplant

Enhanced immunosuppression within 90 days of transplant
(n=566)

ECMO by day 3 post-transplant

0.9 (0.8-1.1)  0.265 . 5

Ref 0.006 Ref: Group C and B 0.507

1.2 (0.5-3.0)  0.674 1.5 (0.1-3.7) 0.144

0.3 (0.1-1.0) 0.055 0.4 (0.0-2.9)

1.7 (0.4-6.9) 0.450 -

1.5 (0.8-2.6)  0.199 - -

1.1 (0.6-2.0)  0.858 - -

1.3 (0.8-2.2)  0.350 1.3 (0.0-1.5) 0.927

1.9 (0.8-4.5) 0.156 - -

1.2 (0.5-2.6)  0.682 . 5

1.2 (1.1-1.3) <0.001 standardized: 1.1 0.416
(0.5-1.5)

1.0 (1.0-1.0)  0.348 - -

Ref 0.031

1.2 (0.7-2.2)  0.522

2.6 (1.3-5.0)  0.006

0.3 (0.2-0.5) <0.001 0.6 (0.1-2.6) 0.195

2.9 (1.8-4.8) <0.001 1.4 (0.1-4.7) 0.539

0.5 (0.3-0.9)  0.019 0.5 (0.3-1.2) 0.057

3.6 (2.0-6.8) <0.001 1.8 (0.4 - 4.7) 0.187

*Model includes all variables selected by LASSO (Least Absolute Shrinkage and Selection Operator). Confidence Intervals (CI) identified by post

selection inference procedure.
**Qperative Time standardized for multivariable model with LASSO

Table 4 Clinical Outcomes of Adult Patients who Received a Lung Transplant at Duke University Hospital in the Period Jan 1, 2017 -
Dec 31, 2021 Stratified by Invasive Primary Surgical Site Infections (IP-SSI) Diagnosis

IP-SSI n=74 No IP-SSI n=494 Total n=568
Rejection requiring treatment from day 91 to day 33 (44.6) 217 (43.9) 250 (44.0)
365 after transplant, n (%)
CMV DNAemia > 450 IU/ml from day 91 to day 365 4 (5.4) 27 (5.5) 31 (5.5)
after transplant, n (%)
1-year mortality, n (%) 15 (20.3) 60 (12.1) 75 (13.2)
IP-SSI while hospitalized No IP-SSI while hospitalized  Total n=568
n=46 n=522
In-hospital mortality, n (%) 12/46 (26.1) 28/522 (5.5) 40 (7.0)
Length of index transplant hospital stay since 92.0 (64.0-121.0) 22.0 (16.0-35.0) 23.0 (16.0-42.0)
admission (days), median (Q1-Q3
Length of ICU stay during index transplant 6.0 (3.0-34.0) 3.0 (2.0-7.0) 4.0 (2.0-8.0)

admission (days), median (Q1-Q3)

chest cavities and the alterations to chest wall physiology
observed in patients with restrictive lung diseases tend to
lead to complex transplant surgeries.'” Similarly, it is the-
orized that systemic or respiratory pathogens in the donor
organs may seed the chest cavity and the surgical incision at

the time of implant. Finally, delayed chest closure and need
for thoracic re-operation in the immediate post-transplant
period cause further disruption of anatomical barriers, in-
creasing the risk for IP-SSI. The apparently protective ef-
fect of enhanced immunosuppression is likely a reflection
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Figure 1 Kaplan-Meier survival curves for adult patients who received a lung transplant at Duke University Hospital in the period Jan 1,

2017 — Dec 31, 2021 stratified by invasive primary surgical site infections (IP-SSI) diagnosis.

Table 5 Cox Proportional Hazards Model Evaluating
Associations Between IP-SSI Diagnosis and 1-year Mortality
Unadjusted and Adjusted for Potential Confounders

Unadjusted Model Adjusted Model*

HR (95% CI) p-value HR (95% CI)
2.4 (1.3-4.3) 0.003 1.4 (0.7- 2.6) 0.310

p-value

IP-SSI
diagnosis
(time
varying)

*Adjusted for age at transplant, sex, underlying disease, surgical
approach (BOLT vs SOLT), operative time, intraoperative PRBC units
categories, ECMO by day 3 post-transplant, renal replacement therapy
within 90 days of transplant (time varying), CMV infection within 1
year of transplant (time varying), and enhanced immunosuppression
within 1 year of transplant (time varying).

of clinical practice: patients with complex peri-transplant
courses are less likely to received augmentation of im-
munosuppression and/or may receive longer or enhanced
antimicrobial coverage.

Ultimately, our results agreed with the association be-
tween surgical complexity and risk of IP-SSI shown by
prior studies.” " However, our findings also shed light on
the effects of the underlying disease leading to transplant
and of the donor characteristics that influence development
of IP-SSI. The challenge now becomes reducing IP-SSI in
the LT population without drastically reducing the donor

and recipient pools and improving outcomes when IP-SSI
occur despite best efforts to prevent them. Based on our
findings, a conservative surgical approach aimed at limiting
delayed chest closure, use of peri-transplant antimicrobials
targeting positive donor cultures, and increased clinical
surveillance for patients with risk factors for IP-SSI may all
be part of a multipronged approach for potentially reducing
the occurrence of IP-SSI in the LT population, achieving an
early diagnosis, and deploying timely therapeutic inter-
ventions in order to improve outcomes.

Regarding outcomes, transplant hospitalization and
mortality (both in-hospital and 1-year) were significantly
higher among patients with IP-SSI. While IP-SSI was sig-
nificantly associated with increased hazards of 1-year
mortality, this association was attenuated after adjusting for
potential confounders, indicating the possible effect of other
relevant covariates and highlighting the complexity in-
herent to a post-transplant mortality analysis.” ' '* Multi-
center studies with large sample size are needed to fully
evaluate factors influencing 1-year mortality post LT.

Regarding use of peri-operative antimicrobial regimens
to prevent IP-SSI in the LT, the optimal approach remains
unknown. At our institution, the microbiology of IP-SSI in
the period 2017-2021 was dominated by Gram positive
bacteria (52.4%), followed by Gram negative bacteria
(20.0%), and yeasts (11.4%). The contribution of molli-
cutes, molds, and non-tuberculous mycobacteria was
modest. High rates of SSI due Gram-positive bacteria and
yeasts were also seen by other LT centers, including
Barnes-Jewish Hospital and University of Sao Paolo.” *



Carugati et al.

Lung Transplantation and Surgical Site Infections 9

This is also consistent with the microbiology of IP-SSI
among LT recipients in our center in the period 2015-2019
wherein vancomycin-resistant Enterococcus faecium (VRE)
played a substantial causative role for IP-SSI in the LT
population.” The emergence of VRE is likely the reflection
of the prolonged vancomycin exposure of LT recipients in
our center, as vancomycin is the standard Gram-positive
agent used as peri-transplant prophylaxis in the setting of
LT surgery.” Of note, the duration of peri-LT vancomycin
prophylaxis at our center in the period 2017-2021 was 16.0
(13.0-25.0) days. While this study was not designed to
evaluate the duration of vancomycin prophylaxis, the pro-
longed duration documented and the emergence of IP-SSI
due to VRE are concerning signals that require further in-
vestigations and imply that antibiotics alone may not be the
answer. Interestingly, the rate of IP-SSI due to yeasts de-
clined from 24.7% in the period 2015-2019 to 11.4% in the
period 2017-2021 likely reflective of the addition of uni-
versal systemic fluconazole for 90 days to our standard
antifungal prophylaxis regimen (inhaled amphotericin B
complex) during the more recent period. However, all
Candida strains isolated in the period 2017-2021 were non-
albicans species of Candida which are more likely to be
resistant to fluconazole.” '° Ultimately, carefully designed,
risk-based multicenter prophylaxis trials that take into
consideration antimicrobial resistance pressure are needed
to determine the best approach for IP-SSI prevention
after LT.

This study has several limitations. First, because of its
retrospective design, our study is prone to information bias.
To reduce the risk of information bias, which could be
especially relevant for superficial SSI, our analysis was
limited to IP-SSI.” Second, as with many retrospective
analyses, we are limited to evaluating associations instead
of causality; however, we adjusted for potential con-
founders in the 1-year mortality model to partially address
this limitation. Third, the external validity of this study is
hampered by its single-center design and the inherent
variability between transplant centers in the management of
LT recipients. The risk factors for IP-SSI identified by this
study are most relevant to our center and may be less
generalizable to other centers. Multi-center studies are
needed to confer external validity to our findings. Fourth,
since IP-SSI were diagnosed within 90 days of transplant,
we were unable to easily disentangle the effect of any
variables also measured within 90 days of transplant (in-
cluding thoracic re-operation and enhanced im-
munosuppression within 90 days). To address these
limitations, we only analyzed thoracic re-operations and
enhanced immunosuppression that occurred before IP-SSI
diagnosis. In addition, we conducted sensitivity analyses
excluding patients who died within 90 days of transplant.
Finally, in the 1-year mortality models we modeled IP-SSI
and other appropriate covariates at time varying.

In conclusion, IP-SSI are a frequent and severe com-
plication of LT especially among patients with restrictive
lung disease, donor positive respiratory or blood cultures,

prolonged operative time, delayed chest closure, post-
transplant thoracic re-operation within 90 days of trans-
plant, and ECMO by day 3 post-transplant. Conservative
surgical approaches, aggressive peri-transplant anti-
microbial therapy, and increased clinical surveillance for
patients with risk factors for IP-SSI may be implemented to
potentially reduce the occurrence of IP-SSI in the LT po-
pulation. Multi-center studies are needed to evaluate the
external validity of our findings and further assess the im-
pact of IP-SSI on post-transplant outcomes.
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