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Background. Heroin use may work synergistically with human immunodeficiency virus (HIV) infection to cause greater
immune dysregulation than either factor alone. Unraveling how this affects end-organ disease is key as it may play a role in the
excess mortality seen in people with HIV (PWH) who use heroin despite access to care and antiretroviral therapy.

Methods.
using (18)F-fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (PET/CT) to compare tissue-
specific inflammation including aortic (target-to-background ratio [TBR]), splenic, and bone marrow (standardized uptake
value [SUV]).

Results. A total of 120 participants were enrolled. The unadjusted mean difference in aortic TBR was 0.43 between HIV-positive
[HIV+] heroin+ and HIV+ heroin-negative [heroin—] (P=.02); however, among HIV—, aortic TBR was similar regardless of
heroin-use status. Further, HIV-by-heroin-use status interaction was significant (P=.02), indicating that the relationship
between heroin use and higher aortic TBR depended on HIV status. On the other hand, both HIV (1.54 vs 1.68; P=.04,
unadjusted estimated means for HIV+ vs HIV—) and heroin use were associated with lower bone marrow SUV, although the
effect of heroin depended on sex (heroin-use-by-sex interaction, P=.03). HIV-by-heroin-use interaction was not significant for

This is a prospectively enrolled, cross-sectional study of adults with and without HIV who use and do not use heroin

splenic or bone marrow SUV.
Conclusions.

Aortic inflammation was greatest in PWH who use heroin, but paradoxically, bone marrow activity was the least

in this group, suggesting complex and possibly divergent pathophysiology within these different end organs.
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Despite antiretroviral therapy (ART) improvements, people
with human immunodeficiency virus (PWH) continue to
have increased morbidity and mortality compared with the ge-
neral population often due to non-AIDS-related events [1, 2].
Beyond traditional risk factors and toxicity associated with
ART, persistent inflammation and heightened immune activa-
tion have been clearly linked with cardiometabolic comorbidi-
ties in PWH [3-8].

We and others have linked injection drug use, specifically her-
oin use, to heightened microbial translocation, systemic inflam-
mation, and immune activation in people with and without
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human immunodeficiency virus (HIV) [9-11]. This is relevant
because, even in those surviving for 10 years on ART, PWH
whose transmission risk was injection drug use are approximate-
ly 2.5 times more likely to die from all causes [12]. High-risk life-
style, bacterial infection, or hepatitis C are likely contributors;
however, cardiometabolic events driven by chronic immune ac-
tivation may be playing an important role [13, 14]. This is highly
relevant in the context of HIV where mechanisms of immune ac-
tivation may overlap and work synergistically.

The mechanisms of heightened immune activation in PWH
are multifactorial. Persistent low-level HIV replication occur-
ring in lymph nodes or the gastrointestinal tract, inflammatory
lipids, and coinfection with other viruses such as hepatitis B or
cytomegalovirus are likely contributors [15-17]. Further, dam-
age to the gastrointestinal tract allows microbial products to en-
ter the lamina propria and systemic circulation, leading to
immune dysfunction [18-20].

This study aims to evaluate vascular inflammation, an early
step in atherosclerosis, by measuring aortic uptake of (18)
F-fluorodeoxyglucose (FDG) by positron emission tomogra-
phy/computed tomography (PET/CT) in people with and
without HIV who use and do not use heroin. Using
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FDG-PET/CT is an established noninvasive means to quantify
vascular inflammation, specifically metabolically active proin-
flammatory macrophages, as well as cardiovascular disease
(CVD) risk [21]. We hypothesized that a synergistic relation-
ship exists between HIV and heroin use, such that vascular in-
flammation would be greater in PWH who use heroin than in
people with either risk factor alone. Additional aims include
evaluating inflammation in the hematopoietic organs, includ-

ing spleen and bone marrow.

METHODS

Study Population

This is a cross-sectional analysis of entry visit data from the
Impact of Heroin on Immune ACTIVATion in HIV
(ACTIVATE) Study. The ACTIVATE study is a prospective
cohort study designed to examine the effect of heroin use on in-
nate and acquired immune activation and vascular inflamma-
tion in PWH who actively use heroin (HIV+ heroin+) and
age-, sex-, and CD4+ cell count-matched PWH who have never
used heroin (HIV+ heroin—) at University Hospitals Cleveland
Medical Center and MetroHealth Medical Center in Cleveland,
Ohio. People without HIV who actively use heroin (HIV— her-
oin+) and those who have never used heroin (HIV— heroin—)
were enrolled for a single visit for cross-sectional comparisons.
Adults aged 18 years and older who reported currently injecting
or snorting heroin for at least 1 month with cumulative past use
of at least 12 months or no heroin use ever were included.
Participants with HIV were required to have HIV-1 RNA of
400 copies/mL or less, be on stable antiretrovirals for at least
12 weeks, and have cumulative duration of ART of at least
12 months if on ART. Presence of an autoimmune disease, cancer,
infection, pregnancy, diabetes mellitus, CVD, liver transami-
nases more than 2.5 times the upper normal limits, hemoglobin
less than 9 g/dL, or creatinine clearance by Cockcroft-Gault less
than 30 mL/minute were exclusionary. All participants provid-
ed written informed consent. The study protocol and informed
consent were approved by the institutional review boards at
University Hospitals of Cleveland and the MetroHealth
System. The first 120 participants enrolled were included in
this analysis.

Study Evaluations

FDG-PET/CT

Imaging was performed using methods described previously
[22]. In brief, FDG was injected and, 3 hours later, images
were acquired on a Philips Gemini TF Big Bore PET/CT scan-
ner (Philips Healthcare, Andover, MA, USA). Images were an-
alyzed offline using MIM version 6.6.6 by a reader blinded to
participant clinical characteristics (S. E. J.). Standard uptake
dose values (SUVs) were defined per standard convention as
decay-corrected tissue concentration of FDG (in kBq/g)

divided by injected dose per body weight (in kBq/g).
“Mean-max” aortic target-to-background ratio (TBR) was de-
fined as the average aortic SUV ,,, measured on consecutive
axial slices through the ascending aorta from the sinus of valsal-
va to the aortic arch divided by the average of superior vena
cava blood pool SUV .., measured from the same axial slices
(mean aortic SUV ,,, + mean superior vena cava SUV e.n =
mean-max aortic TBR). While both mean-max and mean-
mean measures are widely used, most HIV studies have used
mean-max [8, 23, 24]. We chose mean-max as our primary de-
pendent variable of interest.

The borders of the spleen were traced using a 3-dimensional
region-of-interest tool to determine spleen SUV .., as our de-
pendent variable of interest for the spleen. For bone marrow,
the SUV tool was used to include all of the bone marrow up
to but not including the walls of the vertebrae to find the
SUV jmean for each slice from the sternum down 4 concentric
thoracic vertebrae. The mean of the means or bone marrow
SUV nean Was calculated as our dependent variable of interest
for bone marrow. Spleen SUV ., and SUV . (r=0.8; P<
.01) and bone marrow SUV, .., and SUV,,, (r=0.97; P<
.01) were highly correlated.

Statistical Analysis

Differences between groups were compared using Wilcoxon
rank-sum, Kruskal-Wallis, or general linear models for contin-
uous variables and chi-square, Fisher’s exact, or Pearson’s exact
chi-square tests for categorical variables, as appropriate. For the
continuous FDG-PET/CT outcomes (aortic TBR, splenic, and
bone marrow SUV), 3 a priori comparisons were made: (1)
HIV+ heroin+ versus HIV+ heroin—, to test the heroin effect
in the context of HIV infection; (2) HIV+ heroin + versus
HIV— heroin+, to test the HIV effect in the context of heroin
use; and (3) HIV— heroin+ versus HIV— heroin—, to test the
heroin effect without HIV infection. To assess if there is a syn-
ergistic relationship between HIV and heroin use on the
FDG-PET/CT outcomes, we used linear mixed models with a
random intercept that included HIV status, heroin-use status,
and an HIV-by-heroin-use interaction term. Adjusted models
also included age, sex, race, pooled cohort equations athero-
sclerotic cardiovascular disease (ASCVD) risk score, body
mass index (BMI), hepatitis C status, and self-reported sub-
stance use. Shapiro-Wilk’s test statistic was used to test the
null hypothesis of normality of residuals; leverage greater
than [(2 X number of predictors +2)/n] and Cook’s D cutoff
greater than (4/n) were used to assess outcome values with large
error variance. Extreme observations (n=7) were set to miss-
ing. All 2- and 3-way interactions were assessed and
Tukey-Kramer method was used to address multiple compari-
sons. P values less than .05 were considered statistically signifi-
cant and all analyses were computed using SAS version 9.4
(SAS Institute, Cary, NC, USA).
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RESULTS

Demographic and Clinical Characteristics

From July 2017 to March 2021, 120 participants were enrolled
(24 HIV+ heroin+, 59 HIV— heroin+, 21 HIV+ heroin—,
16 HIV— heroin—). Demographics and clinical characteristics
are shown in Table 1. Overall, the median (interquartile range
[IQR]) age was 41 (33-52) years and 73% were men. There were
differences in race/ethnicity distribution among the groups (P
<.01 overall). In the groups that use heroin, there were more
participants of Hispanic ethnicity regardless of race (23% vs
5%; P=.02), more current/past smokers (100% vs 62%; P <
.01), and more participants with active hepatitis C (54% vs
0%; P<.01), and BMI was lower (24 vs 27 kg/mz; P<.01).
Polysubstance use was common. Of those who use heroin,
57% also reported currently using marijuana, 37% cocaine,
and 13% amphetamines. Supplementary Table 1 shows results
of urine drug screen analysis by group.

Among participants with HIV, the median duration of HIV
was 13 years and 96% had HIV-1 RNA of less than 400 copies/
mL. Heroin users with HIV were less likely to be Black and
non-Hispanic (13% vs 71%; P<.01), and had lower current
(562 vs 767 cells/mm?; P=.02) but similar nadir CD4+ counts
(251 vs 212 cells/mm?; P=.37).

Vascular Inflammation by HIV and Heroin-Use Status

Figure 1 shows unadjusted aortic TBR results in the 4 groups.
Based on the 3 a priori between-group comparisons made, us-
ing heroin was associated with higher aortic TBR in the context
of HIV infection only (unadjusted mean difference aortic TBR:
0.43 between HIV+ heroin+ and HIV+ heroin— [P=.02] and
—.03 between HIV— heroin+ vs HIV— heroin— [P>.99]).
Further, aortic TBR was similar among all participants using
heroin regardless of HIV status (unadjusted mean difference:
0.12 HIV+ heroin+ and HIV— heroin+; P=.73). In the model
including HIV and heroin-use status, the HIV-by-heroin-use
interaction was significant (p=0.45; P=.02), indicating that
the effect of heroin use on aortic TBR was greater in partici-
pants with HIV. The interaction remained significant after ad-
justment for ASCVD risk score, hepatitis C, and BMI (p = 0.44;
P=.03), and after adjustment for amphetamines, cocaine,
smoking, and alcohol (P <.03 for all). The interaction was no
longer significant in models adjusted for demographics only
(age, sex, race) (p=0.34; P=.12) or marijuana use (p =0.34;
P=.1). Participants who self-reported current marijuana use
had —0.19 lower aortic TBR than nonusers (P <.05). (See
Supplementary Tables 2 and 3A for linear mixed models de-
scribed above.) None of the systemic inflammation markers
previously described [11] were associated with aortic TBR in
this study population (data not shown).

Splenic and Bone Marrow Inflammation by HIV and Heroin-Use Status
Splenic SUV was similar between HIV+ heroin+ and HIV+
heroin— (unadjusted mean difference: —0.17; P=.29), HIV+

heroin+ and HIV— heroin+ (unadjusted mean difference:
—0.17; P=.13), and HIV— heroin+ and HIV— heroin— (unad-
justed mean difference: —0.03; P=.99) (see Figure 1). Further,
the HIV-by-heroin-use interaction was not significant (p=
—0.14; P=.27) in the bivariable model. However, there was
some evidence that HIV status, but not heroin-use status, was
associated with splenic SUV (p=-0.12 [P=.06] and p=
—0.09 [P=.16] for HIV status and heroin-use status, respec-
tively). Participants with HIV had 9% lower splenic SUV com-
pared with those without HIV (1.35 vs 1.47; P =.06; unadjusted
estimated means for HIV+ vs HIV-). The association between
HIV status and splenic SUV was similar in models adjusted for
ASCVD risk score, BMI, and hepatitis C (p=—0.12; P=.03),
demographics only (age, sex, and race) (p=-0.13; P=.05),
and after adjustment for amphetamines, cocaine, marijuana,
and alcohol (P <.06 for all). HIV status was no longer signifi-
cant in the model adjusted for smoking only (p=—0.1; P=.13).

Based on the 3 a priori between-group comparisons made,
using heroin was associated with lower bone marrow SUV in
the context of HIV only (unadjusted mean difference bone
marrow SUV: —0.29 between HIV+ heroin+ and HIV+ hero-
in— [P=.02] and —0.13 [P =.50] for HIV— heroin+ vs HIV—
heroin—). Further, bone marrow SUV was similar among all
participants using heroin regardless of HIV status (unadjusted
mean difference: —0.19 HIV+ heroin+ and HIV— heroin+; P=
.09). In the model with HIV and heroin-use status, the
HIV-by-heroin-use interaction was not significant (p =—0.15;
P=.27). However, both HIV status and heroin use status
were associated with bone marrow SUV (p=-0.14 [P=.04]
and p=-0.21 [P <.01], respectively). Participants with HIV
had 9% lower bone marrow SUV compared with those without
HIV (1.54 vs 1.68; P=.04; unadjusted estimated means for
HIV+ vs HIV—-). The association with HIV status remained in
models adjusted for demographics only (age, sex, race, and
heroin-use-by-sex interaction) (p =—0.15; P=.03), and after ad-
justment for amphetamines, cocaine, marijuana, smoking, and al-
cohol (P <.04 for all), but not when adjusted for ASCVD risk
score, BMI, and hepatitis C (p=—0.11; P=.11). The association
between heroin use and bone marrow SUV was modified by sex
(heroin-use-by-sex interaction p=0.43; P<.01). Among men,
bone marrow SUV was similar regardless of heroin-use status
(1.54vs 1.67; P=39; adjusted estimated means for heroin+ vs her-
oin—); however, for women, bone marrow SUV was significantly
lower in those who used heroin (1.37 vs 1.93; P <.01; adjusted es-
timated means for heroin+ vs heroin—). Supplementary Figure 1
shows bone marrow SUV by group further subdivided by sex. (See
Supplementary Tables 2, 3B, and 3C for models described above.)

DISCUSSION

To our knowledge, this is the first study to assess the effect of
heroin use on FDG-PET/CT-measured arterial inflammation
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Table 1.

Demographics and Clinical Characteristics by Group

HIV+ Heroin+ HIV+ Heroin— HIV- Heroin+ HIV- Heroin— PValue  PValue Heroin+  PValue HIV+
(n=24) (n=21) (n=59) (n=16) Overall vs Heroin— vs HIV—
Age, y 47.1(33.1,55.4)  49.6(38.8, 63.8) 38(32.7,46.6)  41.6(33.9, 51.4) 18 22 .04
Male, n (%) 18 (75) 15 (71) 40 (68) 14 (88) <.01 <.01 .28
Race/ethnicity, n (%) <.01 <.01 <.01
White, not Hispanic 12 (50) 3(14) 41 (69) 14 (88)
Black, not Hispanic 3(13) 15 (71) 6 (10) 1(6)
Other, not Hispanic 0(0) 2 (10) 2(3) 0(0)
Hispanic, regardless of race 9 (38) 1(5) 10(17) 1(6)
Current or past smoker, n (%) 24 (100) 16 (76) 59 (100) 7 (44) <.01 <.01 .88
BMI, kg/m? 23.3(21.8,25.4) 27.2(23.7,284) 24.6(22.5,28.1) 28.2(25.9, 29.7) .01 <.01 .28
Hypertension diagnosis, n (%) 3(13) 6 (29) 8(14) 1(6) .25 42 .23
LDL cholesterol, mg/dL 88 (70, 106) 106 (76, 126) 93 (75, 113) 117 (92, 133) .02 <.01 5
HDL cholesterol, mg/dL 40 (35, 45) 44 (32, 54) 46 (37, 53) 49 (40, 55) 1 .36 .06
On statin, n (%) 0(0) 8 (38) 1(2) 0(0) <.01 <.01 <.01
ASCVD risk 4.3(3.4,6.8) 4.8(3.1,6.2) 3.6(1.9,5.6) 1.2(1,5.1) .02 71 .01
Chronic hepatitis C, n (%) 13 (54) 0(0) 32 (54) 0(0) <.01 <.01 13
CD4+ count, cells/mm? 562 (276, 784) 767 (621, 1036) .02
Nadir CD4+ count, cells/mm? 251 (99, 523) 212 (110, 280) .37
HIV RNA <400 copies/mL, n (%) 22 (92) 21 (100) 18
HIV duration, y 11.6 (6.7, 19.3) 14.1 (8.1, 19) 72
Antiretroviral duration, y 6.1(2.3,13.1) 9.1(7.2,13.8) .08
Heroin route, n (%) .51
Intravenous 18 (75) 48 (81)
Intranasal 6 (25) 11 (19)
Current substance use, n (%)
Marijuana 12 (50) 16 (76) 35 (59) 4 (25) .01 .79 .28
Cocaine 9(38) 2(10) 22 (37) 2(13) .03 <.01 .38
Amphetamines 3(13) 0(0) 8 (14) 0(0) 14 .02 .46
Hallucinogens 0(0) 0(0) 1(2) 1(6) 39 55 27

N = 120. Values shown are median (interquartile range) and frequency (column %) for continuous and categorical variables, respectively. Pvalues are from Kruskal-Wallis tests for continuous

variables and chi-square, Fisher's exact, or Pearson’s exact chi-square tests for categorical variables, as appropriate. Current substance use was assessed by self-report.

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; BMI, body mass index; HDL, high density lipoprotein; HIV, human immunodeficiency virus; LDL, low density lipoprotein.

and splenic/bone marrow uptake. We have shown that using
heroin is associated with higher vascular inflammation, but
HIV
Paradoxically, among participants with HIV, heroin use was

only in the setting of concurrent infection.
also associated with lower bone marrow inflammation. The
low bone marrow uptake was particularly apparent among
women who use heroin.

One key finding is that, among participants with HIV, those
who use heroin had greater vascular inflammation than those
who do not use heroin. Because differences in vascular inflam-
mation were not seen based on heroin-use status overall, it is
apparent that risk factors such as hepatitis C and smoking can-
not be entirely to blame, as these factors were highly prevalent
in heroin users, regardless of HIV status. Furthermore, even ad-
justment for ASCVD risk score did not change the results, sug-
gesting that the risk extends beyond traditional CVD risk
factors. Adjustment for concurrent substance use also did not
change the results, with the exception of current marijuana
use. Interestingly, in the general population, recent evidence
suggests that marijuana may have detrimental effects on

CVD risk. Tetrahydrocannabinol binds to a receptor called
CB1 on cells in the brain, heart, and vasculature. Regular mar-
ijuana use causes inappropriate activation of CB1, which can
cause inflammation and atherosclerosis, and it is associated
with obesity and diabetes [25]. This opposing evidence suggests
further study on the effect of marijuana on vascular inflamma-
tion is necessary in PWH.

One possibility for the finding of higher vascular inflamma-
tion in participants who use heroin but only in the context of
HIV is that, because injection drug use and HIV are both asso-
ciated with heightened systemic inflammation, their effects on
endothelial cell activation and vascular inflammation are syner-
gistic [14, 26]. Systemic inflammation related to injection drug
use is likely multifactorial, with contributions from injection
intensity, injection-related injury, infection, heroin type, injec-
tion practices, other high-risk behaviors, and environmental
factors such as low individual and community socioeconomic
status [14, 27-29]. While there is limited research quantifying
this heightened systemic inflammation, data from the AIDS
Linked to the IntraVenous Experience Study suggest that
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Figure 1. Boxplots of aortic, splenic and bone marrow uptake by (18)F-fluorodeoxyglucose positron emission tomography/computed tomography by group. Values shown
are unadjusted mean standard deviation. Abbreviations: HIV, human immunodeficiency virus; SUV, standardized uptake value; TBR, target-to-background ratio.
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injection intensity is associated with elevated high-sensitivity
C-reactive protein (hsCRP) in a dose-response fashion [14].
In the same cohort, interleukin-6 (IL-6) levels were higher in
participants injecting at least daily compared with those with
no injection in the last 6 months. HIV infection, even despite
virologic suppression, has been associated with elevation of
similar proinflammatory cytokines [30]. While this is a theoret-
ical risk, this synergistic effect was not apparent in our study
population as we have previously reported [11]. The 1 impor-
tant exception was that the proportion of patrolling monocytes
(CD14dimCD16+) were lowest in participants with HIV who
used heroin [11]. These cells have the unique responsibility
of patrolling the vasculature along the endothelium and play
a role in mitigating damage [31, 32]. However, low numbers
of patrolling monocytes in peripheral blood may not reflect
low numbers in the vasculature.

Another consideration is that both HIV and opioids may
lead to increased microbial translocation across a leaky gut, re-
sulting in greater immune dysregulation than with either insult
alone. It is clear that HIV-associated immune activation stems
from depletion of CD4+ T cells in gut-associated lymphoid tis-
sue, alteration in intestinal integrity, and resultant microbial
translocation [18-20]. There is limited research regarding the
effect of opioids on gut integrity [10]; however, alteration of
the gut microbiome is a possible mechanism [33]. Further
study using colonic tissue and of the microbiome are needed.

In this study we also evaluated splenic and bone marrow in-
flammation. Splenic and bone marrow FDG uptake quantifies
hematopoietic tissue activation by measuring glycolysis of
highly metabolic cells including immune system cells. In op-
position to the effect seen in the aorta, heroin use was associ-
ated with lower bone marrow inflammation, a finding that
was particularly apparent in women. These findings are para-
doxical because in other disease processes such as post-acute
coronary syndrome and other inflammatory diseases such as
psoriasis splenic and bone marrow uptake are positively cor-
related with arterial wall uptake [34-36]. For example, both
splenic and bone marrow FDG uptakes were increased in par-
ticipants with psoriasis compared with healthy controls and
were correlated with coronary artery plaque characteristics
[35]. Further, after myocardial infarction, the so-called cardi-
osplenic axis has been used to predict risk of future CVD
events [34]. It is not clear why there should be divergent ef-
fects in the arterial wall and hematopoietic tissues based on
heroin-use status. However, in a cross-sectional study evalu-
ating immunologic correlates of both arterial and lymph
node inflammation measured by FDG-PEG/CT in PWH,
the authors suggested these 2 sites did not share underlying
pathways of immune activation as measures of HIV disease
activity and persistence were associated with lymph node,
but not arterial, inflammation [23]. Both endogenous and ex-
ogenous opioids are capable of suppressing both the innate

and acquired immune system [37, 38]. It is possible that the
divergent effects relate to the distribution of opioid receptors
or the effect of opioids on expression of cytokines/chemo-
kines in different compartments [39].

Our study has some limitations. In this cross-sectional study,
we can only infer association and not causation. Further, given
the limited sample size, it was not possible to adjust for all po-
tential confounders using a single model for each outcome.
However, it should be noted that most studies reporting on
FDG-PET/CT within the context of HIV have even smaller
sample sizes (N < 100).

In conclusion, in the first study to assess the effect of heroin
use on FDG-PET/CT-measured arterial and splenic/bone mar-
row inflammation, we found that, among participants with
HIV but not in uninfected controls, those who use heroin
had the greatest vascular but lowest bone marrow inflamma-
tion. Low bone marrow inflammation was associated with her-
oin use overall, but particularly in women. These findings
suggest complex and possibly divergent pathophysiology with-
in these different end organs.
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