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Abstract

Background—Many studies have evaluated predictors of postoperative complications, yet little
is known about the development of multiple complications. The goal of this study was to assess
complication timing in cascades of multiple complications and the risk of future complications
given a patient’s first complication.

Methods—This study includes 30-day, postoperative complications from the American College
of Surgeons National Surgical Quality Improvement Program for all patients who underwent
major inpatient and outpatient operative procedures from 2005-2013. The timing and sequencing
of complications were evaluated using XZ analysis and pairwise comparisons.

Results—More severe postoperative complications (cardiac arrest or myocardial infarction, renal
insufficiency or failure, stroke, intubation, septic shock, coma) had the greatest impact on the risk
for developing further complications, increasing the relative risk of developing future, specific,
severe complications by more than 40-fold. These more severe complications occur within a few
days of other complications (whether as a preceding factor or an outcome), while less severe
complications, such as surgical site infection and urinary tract infection, are linked less tightly to
complication cascades.

Conclusion—This analysis highlights both the risk for secondary complications after an initial
complication and when those future complications are likely to occur. Physicians can use this
information to target interventions to prevent high-risk complications.

Reprint requests: Gregory D. Kennedy, MD, PhD, Department of Surgery, University of Alabama at Birmingham, KB 430, 1720 2nd
Ave S, Birmingham, AL 35294. gkennedy@uabmc.edu.

The authors have no conflicts of interest to report.

Presented at the 11th Annual American Surgical Congress in Jacksonville, FL, February 2—4, 2016, as abstract ASC20160305 (“Big
data in surgery: modeling how post-surgical complications increase risk for further complications™) and is a Society of University
Surgeons paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feld et al.

Page 2

Surgical success requires managing preoperative risk factors and events during the
operation, and reducing the occurrence of subsequent complications. Many studies have
found that patients who suffer from postoperative complications have an increased risk of
prolonged hospital stay, discharge to higher levels of care, greater rates of readmission and
mortality, and greater cost of care.18

Recent work has investigated the postoperative timing of complications to understand
critical points to monitor. These studies noted that many complications occur early, though
different complications follow distinct temporal patterns.®-13 Wakeam et al'4 found
associations between the timing of complications and mortality, with different patterns
depending on the type of complication.

Little is known, however, about how the timing of complications changes when multiple
postoperative complications occur and how postoperative complications influence the risk of
developing further complications. Tevis et al® found that when multiple complications
occur, there are associations between which complications occur postoperatively; however,
the authors did not analyze the timing or sequence of complications. Assessing patterns in
the development of multiple complications can identify opportunities to preemptively
prevent complication cascades.

The purpose of this study was to characterize the timing of postoperative complications in
the setting of multiple complications and assess how patient risk changes after complications
occur. Our specific aims were to (1) evaluate how timing and relative ordering of
complications changed when multiple complications occurred and (2) assess how each
complication increased the risk of developing specific additional complications.

METHODS

Data

The American College of Surgeons National Surgical Quality Improvement Program (ACS
NSQIP) database includes preoperative risk factors, intraoperative variables, and 30-day
postoperative outcomes for patients who underwent major inpatient and outpatient surgical
procedures.1® ACS NSQIP data are collected by a trained Surgical Clinical Reviewer at each
site and audited subsequently for reliability by the NSQIP program. This study includes
cases from >435 institutions from 2005 to 2013. Patients included underwent both inpatient
and outpatient procedures in surgical specialties tracked by the ACS NSQIP.

Complications included the 21 reported ACS NSQIP complications and postoperative
mortality occurring within 30 days after the operation. Each recorded complication was
annotated with the number of days after the operation that the complication was first
diagnosed. If a complication was diagnosed multiple times postoperatively, only the first
date of diagnosis was recorded.

Complications included infectious complications (superficial surgical site infection [SSI],
deep SSI, organ space SSI, wound disruption, urinary tract infection (UTI), sepsis, and
septic shock), physiologic complications (peripheral nerve injury, pneumonia, deep vein
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thrombosis or thrombophlebitis, pulmonary embolism, renal insufficiency, renal failure,
stroke or cardiovascular incident, myocardial infarction [MI], cardiac arrest, or coma >24
hours), and interventional complications (unplanned intubation, cumulative ventilator-
assisted respiration >48 hours, bleeding transfusion up to 72 hours postoperatively, and graft
failure requiring intervention). Patients were excluded during quality control when the
occurrence of complications did not fall within the specified time frame per NSQIP
documentation.

Explanatory variables included patient characteristics, preoperative comorbidities, and
operative factors. The following preoperative comorbidities as defined by ACS NSQIP were
examined: weight loss, diabetes, smoking status, alcohol use, dyspnea, functional status,
chronic obstructive pulmonary disease, hypertension, history of stroke, cancer, steroid use,
and bleeding disorder. Examined operative factors included operation within the previous 30
days, wound classification, American Society of Anesthesiologists classification,
intraoperative transfusion, whether it was an emergency operation, and operative time.
Wound class included clean, clean contaminated, contaminated, and dirty.

Given the deidentified nature of the ACS NSQIP data, work with this data set has been
deemed exempt by the University of Wisconsin Health Sciences Institutional Review Board.

Statistical analysis and characterization of complications

XZ tests were used to compare candidate risk factors for patients with =2 complications to
patients with zero or one complication. The frequency and timing of individual
complications was determined for all patients diagnosed with =1 complication. The
frequency of complications co-occurring with other complications was calculated by
considering the percentage of patients diagnosed with each of the measured complications
who also had other complications. The timing of each of these other complications was
calculated relative to the date of the complication of interest. Descriptive statistics were
analyzed in R (RStudio, Boston, MA) using “chisq” for Xz calculations; all other data were
analyzed with Matlab 2015a (MathWorks, Natick, MA).

To assess pairwise, sequential relationships between complications, we used the following
approach. We evaluated the probability of each complication occurring initially given that
specific other complications had occurred previously as follows: Let C{? be a random
variable representing whether or not the th complication had occurred on or before day #for
a given patient. We used c{? to denote the case where C{? is true (ie, the complication has

occurred) and ~c{ to denote the case where it is false. The quantity P(cgt)‘ ~c =D, cy -
represents the probability that the th complication first occurred on day ¢given that the jh
complication had occurred by day # 2. To consider relative risks, we also determined

P(cl(.’)| ~ D, —u:S.t ~ Dy, which represents the probability of th complication first occurring
on day ¢ given that the jth complication has not yet occurred. To assess whether there was a
sequential relationship between the pair of complications, we considered the ratio of these
probabilities: P(c?)| ~ =D, CS.[ = DypEd| el = D, —|c§.t ~ D). This analysis was done for all

pairs of complications.
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RESULTS

Study population profile and risk factors for multiple complications

The ACS NSQIP database contained 2,972,758 cases collected between 2005 and 2013. Of
these, 390,646 cases (13.1%) experienced =1 complication, and 132,646 cases (4.5%) had
multiple complications. Table | demonstrates patient characteristics, preoperative risk
factors, and operative risk factors in association with multiple complications. The univariate
analysis showed that patients with comorbidities, a dependent functional status, emergency
operations, and greater operative times were found to have multiple complications more
frequently.

Complication prevalence

Table Il shows the frequency of complications in patients who experienced =1 complication.
Bleeding requiring transfusion was the most common postoperative complication (37%),
followed by superficial SSI (17%), sepsis (13%), and ventilator dependence >48 hours
(13%), with infectious type complications prevalent overall.

Relative timing and ordering of multiple complications

The distribution of the timing of complication is shown in Fig 1. Figure 1, A depicts the
timing when only a single complication occurs, while Fig 1, B shows timing when multiple
complications occur. Some complications occur with relatively consistent timing whether
they occur in isolation or in patients suffering from multiple complications (eg, wound
disruption and superficial SSI). The timing of other complications (such as septic shock and
cardiac arrest) is very different in the setting of multiple complications. For example,
superficial SSI occurs a median of 12 days after operation if only 1 complication occurs and
at postoperative day 11 if there are multiple complications, whereas cardiac arrest changes
from a median of 1 day postoperatively in isolation to 4 days postoperatively when there are
multiple complications.

To evaluate which complications occur as part of complication cascades, we evaluated the
risk of experiencing multiple complications given a complication of interest (Table I1I).
Complications, such as superficial SSI, nerve injury, and bleeding transfusion, occur with
other complications approximately 30% of the time, while patients who experience coma
and septic shock are much more likely to experience additional complications (98.7% and
93.4% of the time). In general, more severe complications occurred with other complications
and less severe complications were more likely to occur in isolation.

To further assess the ordering of multiple complications, we evaluated the timing of specific
complications within a sequence (Fig 2). This analysis demonstrated that many
complications occur or are listed as occurring on the same day as shown by timing
differences with a median value of zero days. For example, deep SSI and wound disruption
both have median values of zero days indicating that other complications are diagnosed on
the same day; however, when examining the tails of the plot carefully, the analysis becomes
much more interesting, because it reveals complications that occur early or late in the
multiple complication cascade.
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For example, prolonged ventilation is remarkable, because while its median value is zero,
the predominant tail is in the positive direction indicating that this complication occurs early
in the complication cascade. In contrast, UTI also has a median value of zero, but its
predominant tail is in the negative direction, indicating that UTIs tend to occur later in the
cascade. Furthermore, even for complications that occur with equal prevalence, timing of
other complications differs—for example, careful analysis of the complication “coma >24
hours” —demonstrates a median value with a tail that is predominantly negative, indicating
that complications generally precede it. In contrast, septic shock has a median value of zero
and a tail that is predominantly positive, indicating that it is diagnosed along with other
complications or occurs before other complications.

Risk of a complication given a prior complication

We then sought to assess which complications increased or decreased the risk of subsequent
complications. Figure 3 demonstrates the extent to which the probability of a complication
occurring changes if another specific complication occurred previously. In this heat map
figure, red indicates the probability that a complication is increased by a specific prior
complication, and the extent of the change is indicated by the depth of color. Careful
analysis of these data indicates that some complications occur in isolation. For example,
when superficial SSI is the first complication, it is often the only one with wound disruption
having the greatest risk of occurrence after SSI.

In addition, the risk of suffering a superficial SSI after another complication is also not high.
In contrast, if a patient suffers acute renal failure, the risk for developing another
complication is quite high. Specifically, coma, death, or cardiac arrest are complications that
are most likely to follow acute renal failure. Finally, when one examines those complications
that are most likely to contribute to a complication cascade by looking at the rows of the heat
map, not surprisingly, the serious complications, such as cardiac arrest or Ml, renal
insufficiency or failure, stroke, intubation, septic shock, and coma are in this list. This paired
comparison shows which complications influence the risk of other complications occurring
and the weight of each relationship.

DISCUSSION

This study demonstrated that temporal dependencies between multiple complications could
be identified by analyzing the timing and ordering of complications. We found less severe
complications were more likely to occur in isolation, while more severe complications tend
to be associated with additional complications. We found further that complications, such as
cardiac arrest or Ml, renal insufficiency or failure, stroke, intubation, septic shock, and
coma, increased the risk of complication cascades to a much greater extent than other
complications—increasing the relative risk of subsequent complications by >40 times the
risk if the prior complication had not occurred. Interestingly, the timing of specific
complications changed if they occur as part of a cascade. Thus, using this analysis, we can
see how the risks for future complications change after an initial complication and the
riskiest time periods for those future complications to occur.
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Previous studies have discussed how measures of poor overall health, such as older age,
dependent functional status, American Society of Anesthesiologists classification, frailty,
body mass index, and smoking, contribute to the development of complications,1:1517-24
Our study found that similar factors measured in the NSQIP database predicted multiple
complications. We also found that emergency operations had a greater risk of multiple
complications (32% of patients with multiple complications had undergone an emergency
operation vs only 10% of patients with <1 complications).

Our study expanded on work evaluating postoperative timing of complications.®-14 We
found that 40% of complications occurred within the first 3 days after operation and noted
similar trends as in previous work,11:13 such as earlier occurrences of severe complications
(cardiac arrest and septic shock) and later occurrence of less severe complications
(superficial SSI). In addition, we considered how the timing of some complications shifted
when there were multiple complications. Coma occurred earlier with multiple
complications; cardiac arrest, stroke, septic shock, and sepsis tended to shift to later times;
and SSIs maintained similar timing regardless of other complications.

Some postoperative events, such as coma and septic shock, tend to occur within a few days
of other complications, while there is a much greater range on the timing between SSIs and
other complications, and those other complications tend to precede infections. Wakeam et
al* postulated that the correlation between late occurrence of severe complications, such as
MI and stroke, and greater mortality may be present, because these complications are at the
end of complication “cascades”; our work further expands on known temporal patterns
among complications.

While Tevis et al'® found that there are predictable associations in which postoperative
complications occur, we expanded this understanding by evaluating temporal dependencies
in the sequences of multiple complications. Our analysis both highlighted similar
relationships and brought forth new information about associations. Similar relationships
included strong relationships between SSIs and the development of sepsis and between
failure to wean from the ventilator and many other complications. New associations that we
were able to measure by considering temporal dependencies included strong relationships
between coma, Ml or stroke, and other complications. Finally, this study moves from a
retrospective analysis of a patient’s combination of multiple complications to allowing
prospective assessment of likely postoperative complications.

More severe postoperative complications (cardiac arrest or Ml, renal insufficiency or failure,
stroke, intubation, septic shock, and coma) contribute to the development of further
complications to the greatest extent and occur within a few days of other complications
(whether as a preceding factor or an outcome). The complication cascades, in particular, the
high-risk events highlighted in Fig 3, need to be expected, recognized, and acted on quickly.

Our study has limitations inherent to a retrospective analysis. We cannot detect if a patient
was diagnosed with a complication multiple times, because the data set only includes the
first date that the complication was diagnosed; thus, we considered the development of
unique complications in this study instead of instances of repeat occurrences. Also, the data
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on complication diagnoses are only available at a temporal resolution of one day, which
excludes evaluating dependencies between same day complications.

The standardization and size of the ACS NSQIP database also provides benefits that
strengthen our study. The data are collected in a prospective manner by trained surgical
clinical reviewers, complications are strictly defined in the database, and the national
database has a large patient population, which allows us to assess the temporal dependencies
in the <5% of patients who developed multiple complications.

Complication cascades contribute ultimately to poor outcomes and patient mortality. The
timing and risk of progression after postoperative complications have been highlighted in
this study. Future work will be required to evaluate the temporal and prognostic
dependencies between complications through the development of a complication cascade.
With knowledge of the greatest-risk complications and when associated complications are
likely to occur, we may be better able to identify high-risk patients as postoperative risks
increase and prevent the development of multiple complications.
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Fig 1.

Ti?ning of the initial diagnosis of each complication after operation given that only one
complication occurred or multiple complications (including mortality) occurred. The central
mark of each boxplot is the median, box edges extend to the 25th and 75th percentiles, and
whiskers extend to the most extreme data not considered outliers. Complications where the
median timing changed by =2 days are marked (*).
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complication. The central mark of each boxplot is the median, box edges extend to the 25th
and 75th percentiles, and whiskers extend to the most extreme data not considered outliers.
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Relative risk of an additional complication given a prior complication. The probability of
diagnosis of each complication after the diagnosis of a prior complication is divided by the
overall probability of diagnosing that complication and plotted as a log ratio (base 10). Red
indicates that the probability of a complication is increased by a given prior complication;
blue indicates that the probability is decreased. (Color version of this figure is available

online.)
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Table Il

Frequency of individual complications out of all patients diagnosed with =1 postoperative complication

Patients with complications

N = 390,646
Complication n (%)
Infection
Superficial SSI 65,711 (17)
Deep SSI 19,952 (5)
Organ SSI 34,890 (9)
Wound disruption 14,914 (4)
uTI 46,231 (12)
Sepsis 50,047 (13)
Septic shock 27,365 (7)
Physiologic
Nerve injury 1,077 (<1)
Pneumonia 40,463 (10)
DVT 19,299 (5)
Pulmonary embolism 9,667 (3)
Renal insufficiency 9,338 (2)
Acute renal failure 11,723 (3)
Stroke/CVA 6,806 (2)
MI 9,942 (3)
Cardiac arrest 10,690 (3)
Coma>24 h 1,414 (<1)
Death 39,575 (10)
Intervention
Unplanned intubation 33,496 (9)
On ventilator >48 h 50,335 (13)
Bleeding transfusion 140,413 (37)
Graft failure 3,741 (1)

CVA, Callout; DVT, deep vein thrombosis.
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Risk for multiple complications (including mortality) given the occurrence of the listed complication

Table Il

Complication Risk for multiple complications
Infection
Superficial SSI 29.6%
Deep SSI 52.1%
Organ SSI 65.6%
Wound Disruption 63.4%
UTI 46.7%
Sepsis 77.6%
Septic shock 93.4%
Physiologic
Nerve injury 30.3%
Pneumonia 76.0%
DVT 60.3%
Pulmonary embolism 61.0%
Renal insufficiency 73.2%
Acute renal failure 87.5%
Stroke/CVA 62.1%
MI 68.6%
Cardiac arrest 90.4%
Coma>24h 98.7%
Death 74.2%
Intervention
Unplanned intubation 88.4%
On ventilator >48 h 89.5%
Bleeding transfusion 33.3%
Graft failure 46.5%

CVA, Cerebrovascular accident; DVT, deep vein thrombosis.
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