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SUMMARY

Skin and soft tissue infection (SSTIs) due to Staphylococcus aureus, particularly community-
associated methicillin-resistant Staphylococcus aureus (CA-MRSA), are common in human
immunodeficiency virus (HIV)-infected populations in the United States. Studies have differed as
to the importance of epidemiological and immunological factors in this relationship, and have
employed conflicting strategies for variable selection in multivariate analyses. Developments in
causal inference methods in epidemiology have emerged in the last decade to clarify relationships
between variables and identify appropriate variables to include in and exclude from multivariate
analysis. In this paper, we develop a causal diagram to clarify the pathways linking CA-MRSA
and HIV. We focus on the role played by trimethoprim-sulfamethoxazole (TMP-SMX)
prophylaxis, prescribed to many severely immunocompromised HIV patients and potentially
protective against SSTIs, which both mediates and moderates the relationship between
immunological parameters and SSTT risk. We demonstrate, using simulated data, that statistical
models may yield biased results if they do not account for how HIV viral load may also be a
marker of adherence to TMP-SMX prophylaxis. We conclude with a proposed causal model
that includes both the epidemiological as well as immunological factors that may explain the
increased risk of initial and recurrent SSTI risk in HIV-infected populations.
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INTRODUCTION against these pathogens. In 1961, however, the first
strains of methicillin-resistant S. aureus (MRSA)
were described [4]. These strains quickly became en-
demic in hospitals and intensive care units throughout
the 1970s and 1980s, causing infections in debilitated
and chronically ill individuals. They also caused occa-
sional outbreaks in populations having close contact
with the healthcare system such as intravenous drug

users. However, they were not seen to cause outbreaks

Skin and soft tissue infections (SSTIs) due to
Staphylococcus aureus have plagued humans since an-
tiquity [1]. The development of penicillin [2] and then,
subsequently, anti-staphylococcal penicillins such as
methicillin [3] offered the option of pharmacotherapy
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in healthy outpatients [5].
Since the first discovery of US strains of community-
associated (CA)-MRSA 15 years ago [6], a marked
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increase in the incidence of SSTIs has been noted in
outpatient populations [7]. These strains differ from
previous prevalent strains of S. aureus not only in
their drug resistance pattern, but also in their viru-
lence [5]. These pathogens have been noted to cause
recurrent infections even in otherwise seemingly
healthy individuals, and the burden of CA-MRSA
infections has fallen particularly on marginalized
populations [8].

Even before the advent of CA-MRSA, populations
infected with human immunodeficiency virus (HIV)
were particularly susceptible to SSTIs [9]. However,
in the last 10 years, a number of reports have
described the disproportionate impact of CA-MRSA
on people with HIV, even those with seemingly intact
immune systems as measured by CD4 lymphocyte
counts [10, 11]. A high rate of recurrence of these
infections has been observed in this population
[12, 13]. Both immunological factors and epidemio-
logical factors may determine risk of SSTIs in HIV-
infected populations [14, 15]. Furthermore, studies
on recurrent SSTIs in HIV-infected populations have
suggested that the risk factors for recurrent SSTIs
may differ from those for initial SSTT [13, 16].

Previous work has identified conflicting risk factors
for CA-MRSA SSTTs in the HIV-infected population
[10], and the epidemiology remains far from under-
stood. Studies have shown conflicting results as to
whether being immunocompromised, as measured
by CD4 count, is a risk factor for CA-MRSA SSTI
[17-20]. A complicating factor in assessing the rela-
tionship between CD4 count and SSTI risk is that
trimethoprim-sulfamethoxazole (TMP-SMX) is typic-
ally prescribed to non-allergic HIV-infected patients
with CD4 lymphocyte count <200 cells/ml to prevent
Pneumocystis pneumonia as per standardized guide-
lines [21]. TMP-SMX also demonstrates microbio-
logical activity against most strains of S. aureus,
including CA-MRSA [22] and several other bacterial
species that are common causes of SSTIs, and studies
have yielded conflicting results as to the role that
TMP-SMX prophylaxis plays in altering SSTI risk
[17-19]. Studies have also differed as to the impact
of a low HIV viral load, achieved through the use of
antiretroviral therapy (ART), on mitigating SSTI
risk in this population [23].

Causal diagrams, also known as directed acyclic
graphs, frequently aid in clarifying complicated
epidemiological relationships and in designing multi-
variable analyses [24]. In a causal diagram, the out-
come variable, exposures of interest, and potential
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confounders are included as nodes. Then, a one-way
arrow between two variables is added if and only if
a truly causal relationship is believed to exist between
the two variables. Statistical associations between
variables which are not directly causal are not
depicted in causal diagrams [24]. Sets of rigorous
mathematical rules exist to determine, based on the
structure of a causal diagram, which variables should
be included in an adjusted analysis, and which should
be excluded [25]. This task has been greatly facilitated
by recently developed software [26].

Previous studies have treated TMP-SMX prophy-
laxis as a traditional confounder [19]. The relationship
between CD4 count, HIV viral load, TMP-SMX ex-
posure, and SSTI risk is more complicated than previ-
ous authors have appreciated; however, TMP-SMX
prophylaxis is not a confounder by traditional epi-
demiological definitions. To demonstrate this, we
developed a causal diagram for the association be-
tween TMP-SMX use, immunological parameters,
and SSTI risk in an HIV-infected population
(Fig. 1). For TMP-SMX use to serve as a confounder
of the relationship between CD4 count and SSTT risk,
it would need to be associated with the explanatory
variable (CD4) as well as the outcome (SSTI), and
not lie on a causal pathway between CD4 count and
SSTI risk [27]. However, a low CD4 count directly
causes use of TMP-SMX, i.e. it triggers the prescrip-
tion of TMP-SMX by a healthcare provider.
Therefore, the actual relationship is that of competing
causal pathways (Fig. 1a). In one causal pathway, a
low CD4 count increases SSTI risk by causing im-
munological impairment. In an alternate pathway, a
low CD4 count decreases SSTI risk by causing the
use of TMP-SMX prophylaxis. Both are technically
causal effects of CD4 count. The total effect of CD4
count is the sum of these two indirect effects, one
mediated by immunological mechanisms, and the
other by TMP-SMX prophylaxis. However, most pre-
vious authors have presumably only intended to con-
sider the former as the ‘causal’ effect of CD4 count
upon SSTI risk in their analyses. However, adjusting
for TMP-SMX use, at first glance, may still seem to
be appropriate, as this may isolate the immunological
effect of a low CD4 count [28], the presumed goal of
previous authors.

However, when we include other variables asso-
ciated with HIV status such as viral load and its pre-
dictors in the analysis the relationship is further
complicated (Fig. 15). HIV viral load is typically con-
sidered an independent marker of immune function,
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Fig. 1. (@) Causal diagram for the relationship between CD4 count, HIV viral load, trimethoprim-sulfamethoxazole

(TMP-SMX) prophylaxis, and skin and soft tissue infection

(SSTI) risk. Note the location of TMP-SMX usage on one

causal pathway between CD4 count and SSTI risk, so that TMP-SMX use is not a confounder. (b)) TMP-SMX use itself
is affected by medication adherence, which has a causal impact on HIV viral load as well.

since patients with low CD4 counts and low viral
loads typically experience lower rates of opportunistic
infection than patients with equivalent CD4 counts
but higher viral loads [29]. However, HIV viral load
is strongly associated with medication adherence to
ART. If adherence to ART is associated with adher-
ence to other medications, a plausible although to
our knowledge not validated assumption, then HIV
viral load may serve as a marker of adherence to
TMP-SMX prophylaxis. Accordingly, HIV viral
load may serve as a modifier of the effect of TMP-
SMX prophylaxis on SSTI risk, since a high viral
load would mark non-adherent patients who would
be expected to derive little benefit from being pre-
scribed TMP-SMX prophylaxis as they will not actu-
ally take the medication. In other words, there may be
an interaction between HIV viral load and TMP-SMX
prescription in their association with risk of SSTI.
Some previous studies that have found low HIV
viral load significantly predicted lower SSTI risk did
not adjust for TMP-SMX use, and part of the per-
ceived effect of viral load may have been as a marker
of adherence to TMP-SMX therapy.

Having clarified the complex relationship between
CD4 count, viral load, TMP-SMX prophylaxis, and
SSTTI risk, we developed a simulation in this paper
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to demonstrate the potential bias in analyses which
fail to account for these complicated relationships.

METHODS

We developed a basic simulation of SSTI occurrence
in HIV-infected populations using Stata v. 12
(StataCorp., USA). The code is available in the
Supplementary material. We assumed a cohort of
2000 subjects, 30% of whom have a CD4 count of
<200 cells/ml. We assumed that 80% of individuals
with CD4 count of <200 cells/fml were prescribed
TMP-SMX prophylaxis, and that the rest had a
contraindication to receiving the medication (e.g.
due to allergies). No one with CD4 =200 cells/ml
was assumed to be prescribed TMP-SMX prophy-
laxis. Eighty per cent of those with CD4 count >200
cells/ml, but just 50% of those with CD4 count <200
cells/ml, were assumed to have HIV viral load
<1000 copies/ml. We assumed that virologically sup-
pressed patients were adherent to TMP-SMX prophy-
laxis, but that only 25% of non-suppressed patients
who were prescribed TMP-SMX were taking it. We
assumed, for the purposes of this simulation, that sub-
jects with CD4 count <200 cells/ml experienced a risk
of SSTI which was triple those with higher CD4
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counts, that subjects with HIV viral load <1000 cop-
ies/ml experienced a risk of SSTI which was half
that seen in subjects with higher viral loads, and that
TMP-SMX use would decrease the daily risk of
SSTI by 30%. These numbers were chosen arbitrarily
for the purposes of illustration. We calculated the
daily probability of SSTI based on the CD4 count,
HIV viral load, and actual TMP-SMX use status,
the daily risk of SSTI, and the ratios in Table 1. No
variables were assumed to be time-varying, and no
censoring was present. The simulation was run 100
times. We did not simulate other factors associated
with SSTI risk as the goal of this simulation was to
demonstrate the effect of various strategies (some
correct, some incorrect) of accounting for the complex
relationship between CD4 count, HIV viral load,
TMP-SMX prophylaxis, and SSTI risk on regression
analysis results.

For each simulated dataset, we proceeded with a
series of Cox regression models, using time to first
SSTI as the outcome and CD4 count, HIV viral
load, and either prescription of TMP-SMX (the vari-
able available in a clinical study) or actual use of
TMP-SMX (additional data typically not available
in a real-world study) as covariates [30]. Models 1-
11 included varying combinations of the four covari-
ates, and models 12 and 13 included interaction
terms between viral load and TMP-SMX prophylaxis
as well. The exponentiated means of the coefficient of
the covariates from the 100 simulations under each
model were calculated, and forest plots of the confi-
dence intervals of the hazard ratios of the covariates
from each simulation and each model are included
in the Supplementary material. For each of the mod-
els, we assessed the difference between the actual value
of the parameters we sought to estimate and the esti-
mate yielded under the model.

In our Discussion below, we assumed, in regards to
the CD4 count variable, if included in the model, that
the goal of analysis was to estimate the immunological
effect of CD4 count on SSTI risk, not the total effect.
We assumed that, if included in the model, the goal of
analysis was to obtain unbiased estimates of the total
effects of HIV viral load and actual TMP-SMX use on
SSTT risk.

RESULTS

In the 100 simulations, a mean of 454 (23%) of 2000
subjects experienced an SSTI during 5 years of follow-
up, comparable to observed results in clinical cohorts
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Table 1. Parameters in the simulation

Parameter in simulation Value

Size of cohort 2000 subjects
Duration of follow-up 5 years
Proportion of subjects with CD4 30%

<200 cells/ml
Proportion of subjects virologically

suppressed
CD4 <200 cells/ml 50%
CD4 =200 cells/ml 80%

Probability of TMP-SMX prescription if 80%
CD4 <200 cells/ml
Probability of TMP-SMX adherence

HIV viral load <1000 copies/ml 100%

HIV viral load >1000 copies/ml 25%
Baseline risk of SSTI 0-000125/day
Hazard ratio of SSTI*

CD4 <200 cells/ml (immunological effect) 3

HIV viral load <1000 copies/ml 0-5

TMP-SMX use 0-7

TMP-SMX, Trimethoprim-sulfamethoxazole; SSTI, skin
and soft tissue infection.

* This is the independent multiplicative increase in risk asso-
ciated with each factor. That is to say, those with CD4 count
<200 cell/ml experience a risk of SSTI which is triple that
observed in subjects with a higher CD4 count, subjects
with HIV viral load <1000 copies/ml experience a risk of
SSTI which is half that seen in subjects with higher viral
loads, and TMP-SMX users experience a risk of SSTI
which is 0-7-fold that seen in subjects not using TMP-SMX.

[18]. The summary results of the regression analyses
on the simulated data are shown in Table 2. In
model 1, in which we had perfect knowledge as to
whether or not the patients were adherent to
TMP-SMX prophylaxis, we attained unbiased esti-
mates of the effect of CD4 count, HIV viral load,
and TMP-SMX use when we included all three in
the statistical model. Model 2, with CD4 count
alone as a predictor, achieved a reasonably close esti-
mate to the true effect of CD4 count on SSTI risk.
Model 3, with HIV viral load alone, was biased to-
wards demonstrating a stronger effect of virological
suppression on SSTI than is in fact the case. This is
because, in this model, the coefficient for HIV viral
load partially captured the effect of adherence to
TMP-SMX prophylaxis. Models 4 and 5, with
TMP-SMX prescription and use alone, respectively,
were qualitatively biased and erroneously suggested
that TMP-SMX is associated with an increased risk
of SSTT due to confounding by CD4 count and HIV
viral load. Model 6 adjusts for CD4 count and viral
load, but makes no attempt to adjust for the effect
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Table 2. Geometric mean values of hazard ratios associated with predictors of initial SSTI over 100 simulations in
univariate and multivariate Cox regression models without interaction terms

Model Model Model Model Model Model Model Model Model Model Model
Factor 1 2 3 4 5 6 7 8 9 10 11
CD4 count 3-02 315 2-51 2:92 4-44 3-67
<200 cells/ml
HIV viral load 0-51 0-35 045 045 0-34 041
<1000 copies/ml
TMP-SMX 2-57 0-84 0-84 2:03
prescription
TMP-SMX use 0-69 1-39 0-47 1-57

TMP-SMX, Trimethoprim-sulfamethoxazole; SSTI, skin and soft tissue infection.

Results of various Cox regression modelling strategies applied to our simulated data set. Model 1, in which we know and
adjust for whether TMP-SMX is actually used as well as CD4 count and HIV viral load, is unbiased and thus us the standard
to which subsequent models can be compared for evidence of bias. Model 2, in which only CD4 count is included in the
model, yields a slightly upward biased estimate for the effect of CD4 count. Model 3, in which we only account for HIV
viral load, overestimates the effect of virological suppression on SSTI risk. Models 4 and 5, in which we only account for
TMP-SMX prescription and actual receipt without accounting for CD4 and HIV viral load, are highly biased and
suggest TMP-SMX increases the risk of SSTI. Model 6, in which we account for CD4 count and HIV viral load but not
TMP-SMX use, underestimates the immunological effect of low CD4 count on SSTI risk. Model 7, where we do not have
knowledge of TMP-SMX adherence, underestimates the protective effect of TMP-SMX and yields slightly biased estimates
for the effect of CD4 and HIV viral load as well. Models 8 and 9, where we only account for CD4 count and TMP-SMX use,
overestimate the effect of CD4 count. Models 10 and 11, where we account for HIV viral load and TMP-SMX prophylaxis

but not CD4 count, erroneously suggest that TMP-SMX use increases SSTI risk.

of TMP-SMX; we observe that the estimated effect of
CD4 count is biased towards the null in this scenario.

In model 7, where we used TMP-SMX prescription
alone and did not know if patients were adherent or
not to therapy, while adjusting for CD4 count and
HIV viral load, we obtained downwardly biased esti-
mates of the effect of low CD4 and high viral load
on SSTI risk. In this model, the estimate of the effect
of TMP-SMX on SSTI risk was biased towards sug-
gesting that TMP-SMX prophylaxis is less effective
at preventing SSTIs than is actually the case.

Models 8 and 9 showed that, when we included
CD4 count and TMP-SMX use in a model without
HIV viral load, we overestimated the effect of CD4
count on SSTI risk. When actual TMP-SMX use
was the covariate, we overestimated the protective
effect of TMP-SMX use; when we used TMP-SMX
prescription as the covariate, we underestimated the
protective effect of TMP-SMX use. In models 10
and 11, in which we included HIV viral load and
TMP-SMX use but not CD4 count as covariates, we
found that we overestimated the protective effect of
virological suppression and erroneously concluded
that TMP-SMX is associated with increased SSTI
risk.

In model 12 (Table 3), in which we included a term
to account for the interaction between HIV viral load
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and the effectiveness of TMP-SMX prescription, we
found that we obtained more accurate estimates of
the effect of CD4, viral load, and TMP-SMX use on
SSTI risk compared to model 7, which did not include
the interaction term. Interestingly, despite the inter-
action term between HIV viral load and TMP-SMX
prescription in model 12 being necessary for an un-
biased estimate of the true effect of TMP-SMX expos-
ure on SSTI risk, the interaction term itself was only
statistically significant in 31/100 simulations. Model
13 included an interaction term between HIV viral
load and the effectiveness of TMP-SMX use itself
and obtained unbiased estimates of the coefficients.
However, in the case when it is actually known
whether or not subjects were adherent to TMP-
SMX, the interaction term was unnecessary, as
model 1, which included CD4 count, HIV wviral
load, and TMP-SMX use, but no interaction term,
was already an unbiased model. However, the inclu-
sion of the interaction term did not introduce bias
into the model.

DISCUSSION

In this paper, we have developed a causal diagram to
depict the complex relationship between CD4 count,
HIV viral load, TMP-SMX prophylaxis, and SSTI
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risk in HIV patients. We have used a basic simulation
to show that failure to account for the interaction be-
tween HIV viral load and TMP-SMX prescription
may lead to biased results, as subjects with high
HIV viral load may be less likely to be adherent to
TMP-SMX and so the effect of TMP-SMX prescrip-
tion on SSTI risk may be attenuated in this group.
As noted, in model 12, even though the interaction
term itself only reached conventional levels of statistic-
al significance (P < 0-05) in a minority of simulations,
inclusion of the interaction term was necessary to
avoid biased results. This is consistent with the advice
of authors who have warned against using statistical
significance alone as a marker of whether an inter-
action term should be included in nonlinear models,
as most real-world studies featuring binary outcomes
are underpowered to detect interaction [31]. It is likely
that the power of any feasible real-world cohort study
to detect an interaction between HIV viral load and
TMP-SMX prescription on SSTI risk will be signifi-
cantly less than the already low power seen in this
simulation. However, our simulation demonstrates
the concept already suggested by the causal diagram
in Figure 15, that the interaction should be accounted
for based on theoretical concerns alone.

In the above discussion, we have not addressed the
question of whether a subject has a high viral load be-
cause of non-adherence to ART or because ART has
not yet been prescribed to them. This is primarily an
historical issue, as current practice in developed coun-
tries would recommend ART for all HIV-diagnosed
subjects [32] and even previous practice guidelines
would have required ART initiation for any HIV-
diagnosed subject for whom Preumocystis prophy-
laxis was indicated. No biological mechanism has
been identified by which ART would exert a direct ef-
fect on SSTI risk independent of its indirect effect
mediated via viral load. Accordingly, we do not expli-
citly model whether high HIV viral load is due to lack
of ART prescription or due to non-adherence in our
analysis.

Although the assumption of virologically non-
suppressed patients demonstrating lower adherence
to TMP-SMX prophylaxis than virologically sup-
pressed patients seems highly plausible, we are not
aware of any study in the HAART era in the United
States which explicitly stratifies Preumocystis prophy-
laxis adherence by HIV viral load. One study from the
pre-HAART era in an urban, Medicaid-insured popu-
lation which was ~60% adherent to antiretrovirals
found that 80% of patients receiving Preumocystis
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prophylaxis were using TMP-SMX as opposed to al-
ternative agents for Pneumocystis prophylaxis, such
as dapsone and atovaquone, which do not have anti-
staphylococcal activity. Adherence to Preumocystis
prophylaxis overall, however, was <50% [33].

Of note, the situation depicted in Figure 15, with
confounding of an intermediate in a causal pathway,
is one in which other authors, based on the structure
of the causal diagram, have noted that standard
regression will lead to biased estimates [34]. In this
setting, an understanding of the causal diagram imme-
diately identifies the potential for bias in the analysis if
care is not taken to account for this interaction. We
refer readers interested in further details on causal dia-
grams to a recent review of this topic that focuses on
applications to clinical research [35].

We did not account for longitudinal changes over
time in the above, simplified model. This relationship
would be further complicated, as present HIV viral
load and present CD4 count would both impact future
CD4 count, which would in turn impact future
TMP-SMX usage. Standard regression methods are
known to be prone to bias when dealing with complex
time-varying predictors, as the same covariate can
serve as both a confounder and mediator simultan-
eously [36]. Time-varying confounding is an area of
active research in statistics, with marginal structural
models one method potentially offering advantages
over standard longitudinal analytic methods in minim-
izing bias [37]. Further discussion of this topic, how-
ever, is beyond the scope of this paper. Similarly, we
employed a regression model using time to first SSTI
as an outcome to avoid the complexities of recurrent
events analysis, a topic well-reviewed in previous
papers [38] which is also outside the scope of the cur-
rent paper.

We conclude by attempting to develop a causal
analysis model, applicable to all populations at risk
for MRSA infections (Fig. 2a). Initial MRSA expos-
ure leads to initial colonization. Initial MRSA colon-
ization leads to an increased risk of initial MRSA
infection as well as subsequent MRSA colonization,
which leads to subsequent (recurrent) MRSA infec-
tion. Subsequent (recurrent) MRSA exposure also
contributes to the risk of subsequent MRSA coloniza-
tion. Accordingly, factors that contribute to elevated
SSTI risk in the HIV-infected population must do so
by affecting at least one portion of the above pathway.

We propose a model for MRSA SSTT risk in the
HIV-infected population in Figure 2(b, ¢). Epidemio-
logical factors may lead to increased MRSA exposure.
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Fig. 2. (a) Skeletal causal diagram of key events in initial and subsequent methicillin-resistant Staphylococcus aureus
(MRSA) infections, applicable to all populations. (b) Propensity for colonization and infection added to panel (a). (¢) The
key immunological and medical parameters specific to HIV populations have been added to the skeletal causal diagram in
panel (b). (d) Key epidemiological links between HIV and MRSA. Some factors (e.g. sexual risk factors) are likely directly
causal for both HIV and for MRSA exposure. Other epidemiological factors (e.g. crowded living) are likely to be
associated with HIV due to an undetermined underlying cause.
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Table 3. Geometric mean values of hazard ratios
associated with predictors of initial SSTI over 100
simulations in univariate and multivariate Cox
regression models with an interaction term

Factor Model 12 Model 13
CD4 <200 cells/ml 3-02 3-02
HIV viral load <1000 copies/ml 0-51 0-51

TMP-SMX prescription
If HIV viral load > 1000 copies/ml 0-93
If HIV viral load <1000 copies/ml 0-69

TMP-SMX use
If HIV viral load >1000 copies/ml 0-70
If HIV viral load <1000 copies/ml 0-69

TMP-SMX, Trimethoprim-sulfamethoxazole; SSTI, skin
and soft tissue infection.

Results of various Cox regression modelling strategies utiliz-
ing interaction terms applied to our simulated dataset. We
see that model 12, which introduces an interaction between
HIV viral load and TMP-SMX prescription to model 7, cor-
rects much of the bias seen in that model. Model 13, which
introduces an interaction between HIV viral load and
TMP-SMX prescription to model 1, preserves the unbiased
nature of that model.

Both epidemiological and immunological factors may
contribute to an increased risk of an exposure to
MRSA leading to colonization. Subsequently, either
epidemiological or immunological factors may con-
tribute to an increased likelihood of infection in
MRSA-colonized individuals who are HIV-infected.
The same or other factors may contribute to an
increased likelihood of persistent colonization or per-
sistent re-exposure leading to re-colonization in the
future, leading to subsequent infection. Figure 2c¢
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includes some of the details of how we propose that
HIV-specific immunological issues may potentially
interact to promote prolonged duration of MRSA col-
onization and progression from colonization to active
infection. Specifically, skin disease, which is more
prevalent at low CD4 counts, may be an intermediary
of one causal pathway between CD4 count and SSTI
risk, as noted by previous authors [39].

We further elucidate potential epidemiological fac-
tors that potentially may lead to increased MRSA ex-
posure risk in the HIV-infected population. These are
all listed in Figure 2d, where we have added sexual
risk factors, incarceration, intravenous drug use, and
crowded living. All of the above have been identified
as potential epidemiological risk factors for MRSA
exposure or infection in patients with HIV infection
[11, 15]. Some risk factors are likely directly causal.
For example, high-risk sexual practices likely lead dir-
ectly to MRSA exposure as well as exposure to HIV.
Other risk factors such as crowded housing are likely
to be directly causal for MRSA exposure, but only
related to HIV via an undetermined factor that leads
to both HIV infection and living in crowded housing.
Incarceration, a well-known risk factor for MRSA in-
fection, potentially is linked to HIV directly (through
HIV acquisition in prison), as well as indirectly, with
drug use leading to incarceration as well as HIV ac-
quisition being one potential indirect pathway.

CONCLUSION

A complicated interplay between epidemiological fac-
tors, immunological factors, and antibiotic exposure
including TMP-SMX prophylaxis may explain the
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increased risk of MRSA colonization and infection in
HIV-infected populations. Causal diagrams reveal
that statistical models which only account for CD4
count, HIV viral load, and TMP-SMX prescription
as confounders and do not account for the compli-
cated interactions among these variables with each
other and with adherence may yield biased results.
We were able to demonstrate this bias with a simula-
tion study. We proposed a causal diagram that clar-
ifies underlying relationships and aids in identifying
appropriate variables to include in future statistical
analyses of SSTI risk in HIV-infected populations.
As new potential determinants of SSTI risk in this
population are identified, their relationship to previ-
ously identified risk factors will need to be carefully
considered in order to yield unbiased estimates though
multivariable models. Our example of the use of cau-
sal diagrams, combined with a consideration of the re-
lationship of specific putative risk factors to one
another, may be applicable to studies of other infec-
tious diseases in other populations.

SUPPLEMENTARY MATERIAL

For supplementary material accompanying this paper
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