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PET-CT outcomes from a randomised
controlled trial of rosuvastatin as an adjunct
to standard tuberculosis treatment

Gail B. Cross 1,2,3,4 , Intan P. Sari 1, Sarah M. Burkill5, Chee Woei Yap6,
Han Nguyen 7,8, Do Quyet7, Victoria B. Dalay9, Emmanuel Gutierrez9,
Vincent M. Balanag10, Randy J. Castillo10, Christina C. Chang 11,
Anthony D. Kelleher 3, Jim O’Doherty 12,13 & Nicholas I. Paton1,2,14

Adjunctive rosuvastatin for rifampicin-susceptible pulmonary tuberculosis (rs-
PTB) shows no effect on microbiological or radiological outcomes in a phase
IIb randomised, controlled trial (NCT04504851). We explore the impact of
adjunctive rosuvastatin on 18F-fluorodeoxyglucose (FDG) positron emission
tomography-computed tomography (PET-CT) imaging in a sub-study of 24
participants. Changes in standardised uptake value (SUVmax, SUVmean), Total
Metabolic Volume, (TMV), Total Lesion Glycolysis (TLG), cavity diameter and
volume, between week 0 and week 8 post-randomisation, are evaluated. Here
we show no evidence of difference in the reduction in TLG [median 65.8% for
the rosuvastatin group (Q1, Q3 38.6, 94.5) vs 64.3% for standard tuberculosis
treatment group (Q1, Q3 −20.0, 81.7), P =0.32], reduction in cavity volume on
CT [median 3.2 cm3 (IQR 11.1, 0.5) for rosuvastatin, 2.2 cm3 (IQR 4.6, 0.7) for
control (p = 0.72)], or anyother PET-CTparametermeasured.Weshow that the
first 8-weeks of standard tuberculosis treatment results in a reduction in the
volumetric indices (TLG and TMV), but had little change in SUVmax or SUV-
mean. Change in TLG and TMV holds promise as biomarkers of tuberculosis
treatment response: future PET-CT studies should evaluate their role in pre-
dicting relapse-free cure, and the overall role of 18F-FDG-PET-CT as a tool for
early-phase tuberculosis clinical trials.

Host-directed therapies (HDT), where drugs work on host targets
rather than directly on mycobacteria, are being considered as ther-
apeutic options for tuberculosis1. Statin drugs are a candidate HDT
agent against tuberculosis, as shown by animal models and epide-
miological studies2–6.We recently conducted a randomised, controlled

Phase IIb clinical trial (ROSETTA) which investigated the impact of
adjunctive 10mg rosuvastatin for the first eight weeks of treatment in
people with rifampicin-susceptible pulmonary tuberculosis (rs-TB).
The primary outcomes of the clinical trial have been published7; we
found that adjunctive 10mg rosuvastatin used for the first eight weeks
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of treatment did not produce substantive benefit on culture conver-
sion, change in the proportion of lung affected by chest x-ray or on
spirometry.

In human studies, sputum based predictive biomarkers, such as
time to culture conversion (TTCC), rate of change to time to positivity
(TTP) on liquid culture, and colony forming units (CFU) on solid cul-
ture have been traditionally used to quantify response to treatments.
However, they have been shown to only modestly predict relapse-free
cure8. There is growing interest in alternative biomarkers of treatment
response. Non-human primate models of tuberculosis9–14 and several
human cohort studies15–18 have shown that treatment of tuberculosis
results in metabolic and structural changes in the lung which can be
capturedonPET-CT, and canbequantified. These quantifiable changes
that occur on PET-CT have the capacity to discriminate between
the efficacy of various drug regimens in animal models of
tuberculosis10,19,20. Thus there is interest in exploring whether PET-CT
can be used as a research tool within early phase tuberculosis clinical
trials21. This tool may be especially relevant for HDT experiments
where therapeutic benefits may extend beyond bactericidal activity to
modulation of immune activation, which can be measured as meta-
bolic changes on PET imaging.

Here we report the findings from a PET-CT sub-study embedded
within the ROSETTA trial which explored the impact of adjunctive
rosuvastatin, used during the intensive phase of tuberculosis treat-
ment, on the structural and metabolic changes within the lung. Other
clinical trials have evaluated tuberculosis treatment using PET-CT; one
measured the effect of the first 14 days of treatment20, two trials
measured PET-CT outcomes after the intensive phase of treatment
with various adjunctive HDT agents22,23, and others have focused on

drug-resistant disease11,24. This study is the first to report the PET-CT
outcomes from the use of adjunctive statin therapy in the intensive
phase of TB treatment. We quantify several PET-CT outcomemeasures
and find that the volumetric indices (TLG and TMV) hold promise and
should be evaluated further for their potential as surrogate biomarkers
of treatment efficacy for use in clinical trials. We also investigate if the
analysis software influences the parameters measured from the ima-
ges, and in a cohort of participants, explore inter-reader variability by
having a proportion of scans analysed by a second reader.

Results
Study population and metrics analysed
Between September 2020 to January 2021, 56 ROSETTA trial partici-
pants from the Philippines and Vietnam were screened for the PET-CT
sub-study (Fig. 1). Twenty-six of the screened participants met the
study’s eligibility criteria, provided informed consent, and were
enrolled into the PET-CT sub-study (Fig. 1). Two enrolled participants,
one who did not complete the week 8 scan and another who did not
have microbiologically confirmed Mycobacterium tuberculosis (Mtb)
infection, were excluded from the scan analysis. The remaining 24
participants, 12 in the rosuvastatin and control groups, respectively,
completed both scans and had data included in the analysis (Fig. 1).

SUVmax, SUVmean, total metabolic volume (TMV) and total
lesion glycolysis (TLG) from both lungs were analysed and recorded
from48 PET-CT scans (Fig. 2). The number of cavities, aggregate cavity
diameter and volume were analysed on CT (Fig. 2). Eighteen PET-CT
scans (from nine randomly sampled participants) were analysed by a
second reader to assess the reproducibility of the method of analysis.
Percentage of lung affected, largest cavity size and aggregate cavity

137 enrolled in ROSETTA trial 

26 enrolled

24 included in analysis

12 in Rosuvasta�n group 12 in Control group

1 did not complete week 8 scan 
1 excluded from analysis – TB not 

confirmed 

48 Scans

48 scans analysed using Osirix 48 scans analysed using Syngo.via

18 scans analysed by reader 2

56 from Vietnam and Philippines, 
all screened

81 from Uganda

18 not eligible
- 10 >2 weeks of TB treatment
- 7 poorly controlled DM
- 1 CT guided biopsy 

1 withdrew
11 did not consent

Fig. 1 | Participant flow diagram. The PET-CT sub-study recruited 26 participants
with microbiological evidence of pulmonary tuberculosis from the main ROSETTA
trial cohort of 137 participants by convenience sampling. Data from two scans,
performed atweek0 and8 of treatment, from 24participants were analysed. Scans

were analysed by a single reader using 2 software programmes, with a selection of
scans read by a second reader using the OsiriX MD software. Source data are
provided as a Source Data file.
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diameter assessed on chest x-rays performed at trial entry (baseline,
week 0) and eight weeks post-randomisation (week eight) are also
reported here.

Baseline characteristics of participants are comparable
across groups
Themedian age of participants was 32 years; 19/24 (79%)weremale, 13
were from Vietnam and 11 were from Philippines. There were no dif-
ferences in age, sex, country, smoking status,weight, bodymass index,
proportion of lung affected, cavity size on chest x-ray, smear grade or
Xpert semi-quantitative bacterial burden between rosuvastatin and
control groups ((P >0.05) (Table 1). The median duration of rosuvas-
tatin received was 3.5 days (Q1 = 2, Q3 = 12), and participants received
between two to 13 days of tuberculosis treatment prior to week 0 scan.
There were no differences between groups in the baseline radiological
metrics (Table S2).

Imagingmetrics did not show a difference between rosuvastatin
and control groups
In the rosuvastatin group, 10/12 (83%) participants culture converted
within eight weeks, one remained culture positive and the remaining
participant was culture negative at entry and for the duration of the
trial. 9/12 (75%) culture converted in the control group; no difference
wasobservedbetween the proportionswho culture converted [Fishers
exact test, P = 0.37].

There was no evidence of a difference between the rosuvastatin
and control groups in TLG change or in any other PET-CT parameters
measured after 8 weeks of treatment (Fig. 3, Table S3). The median
change in TLG was −258.7 (Q1 = −478.5, Q3 = −91.1) and −141.2
(Q1 = −1062Q3 = 53.5) (P =0.84) (Fig. 3C, Table S3) for the rosuvastatin
and control groups, respectively. This represents amedian percentage
reduction of 65.8% (Q1 = 38.6, Q3 = 94.5) in TLG for rosuvastatin and a
reduction of 64.3% (IQR 20.0% increase, 81.7% decrease) (P =0.32 in
TLG for the control (Table S3). Findings did not change with the
exclusion of the single participant with negative sputum culture at
baseline (Table S4)

The intensive phase of tuberculosis treatment results in a
reduction in TLG and TMV
Table 2 shows chest x-ray andPET-CTmetrics atweek0 andweek eight
for all 24 participants. Twenty-three out of 24participants hadmultiple

pulmonary lesions with avid uptake on the initial PET-CT scan. The
median SUVmax for all participants in the sub-study was 9.3 (Q1 = 5.5,
Q3 = 11.4) with no significant change in SUVmax [median reduction of
1.07 (Q1 = −3.8, Q3 = 1.8) p =0.15] (Table 2, Fig S2B), at the 8-week scan.
Seven participants [5/12 (42%) in the control arm, 2/12 (17%) in the
rosuvastatin arm) had increased SUVmax after eight weeks of treat-
ment (Fig S3A and Fig S4). Therewas little change in SUVmean [median
reduction of0.03 (Q1 = −0.2,Q3 =0.2),p =0.86] (Table 2, Fig S2A) after
the intensive phase of therapy. By contrast, median TMV and TLG at
week 0 was 167.3 cm3 (IQR 57.9, 323.9) and 544.2 (Q1 = 158.5,
Q3 = 1021.7), respectively, with very strong evidence (p <0.001) of
change in both after eight weeks of treatment (Table 2, Fig S2C, D);
median reduction of 69.6 cm3 (Q1 = −191.4, Q3 = −7.4) for TMV and
202.0 (Q1 = −664.4, Q3 = −13.9) for TLG. This represents a 56.1% (IQR
20.7, 88.0) and 64.3% (Q1 = 9.0, Q3 = 88.7) reduction in TMV and TLG,
respectively, after eight weeks of tuberculosis treatment (Table 2).

Fewer participants had cavities detected on baseline chest x-ray
compared to CT (16 vs. 22, respectively). Cavity diameter on chest
x-ray had fair correlation with CT (Spearman’s r =0.42, p = 0.03,
Fig S1A), however Bland-Altman analysis revealed evidenceof clinically
significant bias (−1.4 cm) [95%Limit of Agreement (LoA) −7.3, 4.5], with
evidence of increasing underestimation of cavity size by chest x-ray as
the size of the cavity increases (Fig S1B). On CT, cavity diameter
reduced by a median of 2.0 cm (Q1 = −3.7, Q3 =0, p =0.011) and cavity
volume reduced by a median of 2.9 cm3 (IQR −6.0, −0.5, p < 0.0001) at
theweek eight scan (Table 2). The percentage of lung affected on chest
x-ray decreased from a median of 30% (Q1 = 25, Q3 = 53) to 20%
(Q1 = 10, Q3 = 40), a change of −7.5% (Q1 = −15, Q3 =0, p = 0.0002)
after eight weeks of treatment (Table 2).

After the intensive phase of TB treatment, changes were detect-
able on PET-CT scan by with the volumetric metabolic indices (TMV
and TLG), in cavity size, but not by SUVmax and SUVmean.

Baseline TLG varied widely and increased in some participants
with lung cavitation
Amongst the 24participants in the sub-study, therewasawide rangeof
TLG (0 to 3499.4) (Figs S2D and S3B) at the week 0 scan. Most parti-
cipants (20/24) showed a reduction in TLG, although three had an
increased TLG (Fig S3B) and a single participant, who was culture
negative throughout the trial, had no avidity detectable at week 0 and
minimal uptake at week eight (TLG =0.14). The three participants with

A B

Fig. 2 | PET-CT parameters measured. A Coronal section of thoracic cavity on a
baseline PET-CT scan. Red outlined area is the region of interest (ROI) where all
pixels have standardised uptake value (SUV) of 2.0 or greater. Maximum standar-
dised uptake value (SUVmax) is defined as the hottest pixel within the ROI. SUV-
mean is defined as the average SUV of all pixels within the ROI. Dark blue outlined
area represents a cavity within consolidated lung tissue. Cavity diameter (cm) was

the widest measurement of the cavity on CT imaging. B 3-D of a volume of interest
(VOI, cm3) of a single lesion where the SUV of voxels is 2.0 or greater. Total
Metabolic Volume (TMV, cm3) is defined as the summationof all VOIswithin a single
scan. Total lesion glycolysis (TLG) is the product of metabolic volume in cm3 and
SUVmean and is expressed without units.
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increased TLG at week eight are profiled in Table S5; they also had
increases in SUVmax (Fig S4). All three had aggregate cavities dia-
meters of > 4 cm that had persisted or developed over the eight- week
study period and had minimal or no change in the percentage of lung
affected on chest x-ray. One out of three did not sputum culture
convert by week eight, despite all three participants recording 100%
treatment adherence (asmeasured by Directly Observed Therapy) and
all had susceptibility confirmed to first line drugs used. All 24

participants in the sub-study culture converted by end of tuberculosis
treatment (sixmonths) and were deemed to have been cured. No data
was collected on relapse in the trial or this sub-study.

Linear regression shows that TLG is related to other markers of
disease burden
In a simple linear regression model, semi-quantitative Mtb burden on
Xpert, sputum smear and the proportion of lung affected at trial entry
was related to TLG at week 0 (Table S6). In a multiple linear regression
model, only semi-quantitative burden on Xpert was significant; week 0
TLG increased by 218 (95% CI −346.8 782.7) and 1128.1 (547.3, 1708.9)
when Xpert semiquantitative value was Medium or High, respectively,
compared to when it was Low (P =0.0002) (Table S6). Semi-
quantitativeXpert valuewas also associatedwithTLGatweek eight in a
simple regression model, along with the number of cavities and cavity
diameter on CT, and the percentage of lung affected on chest x-ray
(Table 3). In a multiple linear regression model, a positive culture at
week eight was associated with increased week eight TLG, by an esti-
mated 438.5 (95% CI 111.1, 765.9, p =0.012) and a high Xpert Mtb bur-
den at trial entry was associated with increased week eight TLG by an
estimated 703.7 (95% CI 376.3, 1031.2, p =0.0001) (Table 3).

Consistency in PET-CT findings by two independent readers
Serial PET-CT scans of nine randomly selected participants (18 scans)
were analysed by a second reader, blinded to the results of the first
reader, to assess inter-reader variability of the analysis method. The
two-reader measurements of SUVmax, TMV and TLG showed strong
correlation (r > 0.9, p ≤0.0001) (Fig. 4A, C, E). On Bland-Altman plots
there was excellent agreement in SUVmax with minimal bias (−0.12,
95% LoA −1.17 – 0.93, Fig. 4B), a bias of 10.7 for TLG (95% LoA: −49.9 –

71.21, Fig. 4F) and a bias of 5.8 cm3 for TMV (95% LoA: −26.4 – 38.0,
Fig. 4D). The correlation in the number of PET-CT avid lesions recor-
ded by the two readerswas fair (r = 0.72, p =0.0008, Fig. 4G), although
the Bland-Altman analysis revealed disagreement as the number of
lesions increased (Fig. 4H).

Poor agreement between manual and semi-automated analysis
methods
In addition to the primary software used (OsiriX MD, Pixmeo, Swit-
zerland), all 48 PET-CT scans were analysed using a secondary method
using a more time-efficient, semi-automated software syngo.via MM
oncology (SiemensHealthineers, Erlangen, Germany).Whilst therewas
strong correlation for TLG (Spearman’s r = 0.96, P <0.0001, Supple-
mentaryFig. S5E), a Bland-Altmananalysis revealed a largebias of 227.3
(95% LoA −289.8, 744.3). Analysis of the plots showed that syngo.via
underestimated TLG, with the difference between the methods
increasing as higher values were recorded (Supplementary Fig. S5F).
The differences in the readings of TLG was driven by the bias in the
readings of TMV (Supplementary Fig. S5D), since there was minimal
bias in SUVmax (0.19, 95% LoA −1.75, 2.12, Supplementary Fig. S5B).
There was also evidence of systematic error with syngo.via under-
estimating the number of FDG-avid lesions as the number of lesions
increased (Supplementary Fig. S5).

Discussion
The ROSETTA trial was the first clinical trial published which explored
efficacy and safety of an adjunctive statin in the treatment of
tuberculosis7, andoneof a handful of tuberculosis trials to includePET-
CT data as a biomarker11,20,22,24. Previous PET-CT studies in humans and
animals have shown that with effective use of anti-mycobacterial
agents, avidity canbe expected to fall over time. Several animalmodels
have shown that metabolic activity on PET-CT correlates with myco-
bacterial burden in lung-tissue11,13,25–27. However, since FDG is taken up
primarily by metabolically active immune cells, PET-CT avidity reflects
the immunological response to bacterial burden. When considering

Table 1 | Demographic and disease characteristics of PET-CT
sub-study participants

Variable All Rosuvastatin Control

N = 24 N = 12 N = 12

Age, median (IQR) ** 31.5
(23.5, 43)

35.0 (23.5, 41.5) 29.5 (24, 44)

Sex – no. (%)

Female 5 (21) 4 (33) 1 (8)

Male 19 (79) 8 (67) 11 (92)

Country– no. (%)

Vietnamese 13 (54) 7 (58) 6 (50)

Filipino 11 (46) 5 (42) 6 (50)

Smoking status – no. (%)

Never 12 (50) 7 (58) 5 (42)

Ex-Smoker 9 (38) 3 (25) 6 (50)

Current 3 (12) 2 (17) 1 (8)

Weight, mean (SD) (kg) ^ 51.6 (9.1) 50.9 (10.0) 52.2 (8.4)

BMI, mean (SD) kg/m2^ 19.4 (2.6) 18.9 (2.5) 19.9 (2.7)

Bilateral disease on CXR –

no. (%)
16 (67) 7 (58) 9 (75)

Percentage of lung affected on CXR – no. (%)

< 25% 10 (42) 6 (50) 4 (33)

25 – 50% 8 (33) 3 (25) 5 (42)

> 50% 6 (25) 3 (25) 3 (25)

Cavitation present on CXR
– no. (%)

16 (67) 7 (58) 9 (75)

Largest cavity on CXR – no. (%)

No cavity 8 (33) 5 (42) 3 (25)

≤4 cm 11 (46) 4 (33) 7 (58)

> 4 cm 5 (21) 3 (25) 2 (17)

Aggregate cavity on CXR – no. (%)

No cavity 8 (33) 5 (42) 3 (25)

≤4 cm 8 (33) 4 (33) 4 (33)

5 − 8 cm 6 (25) 2 (17) 4 (33)

> 8 cm 2 (9) 1 (8) 1 (9)

WHO smear grade – no. (%)

Negative 5 (21) 3 (25) 2 (17)

Scanty 4 (16) 3 (25) 1 (8)

1 + 6 (26) 3 (25) 3 (25)

2 + 5 (21) 2 (17) 3 (25)

3 + 4 (16) 1 (8) 3 (25)

Semi-quantitative TB burden on Xpert– no. (%)

Negative/ Not done 3 (13) 0 3 (25)

Low 3 (13) 2 (17) 1 (8)

Medium 10 (42) 6 (50) 4 (33)

High 8 (33) 4 (33) 4 (33)

Baseline MGIT culture
positive for Mtb – no. (%)

23 (96) 11 (92) 12 (100)

Prior days of TB treatment,
median (IQR)

9 (3.5, 12.5) 6 (2, 12) 10 (7, 13)

A two-sided test was applied to all tests of statistical significance. No statistical difference
(P > 0.05) found for all variables tested. Variables were tested using Fisher’s exact test except for
** (Wilcoxon-rank sum test used) and ^ (Independent T-test used). Source data are provided as a
Source Data file.
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the use of HDT agents like rosuvastatin which has the potential to
activate clearance of mycobacteria through increased immune cell
activity, and tamp down hyperimmune activation that drives tissue
destruction28, the expected net effect on the host immunological
response, as measured by FDG uptake, is less clear. Consistent with
findings of the main study7, this sub-study did not find any impact of
adjunctive rosuvastatin on PET-CT metrics versus standard treatment

alone. This finding supports the null hypothesis that adjunctive rosu-
vastatin does not appear to have any additive antimycobacterial and
anti-inflammatory effects over standard tuberculosis treatment.

The absence of any effect of rosuvastatin seen in this PET-CT sub-
studymay be because the adjunctive drug does not have any effect on
immune control ofMtb and subsequent bacterial burden. Most of the
strong evidence for adjunctive statins in TB is based onmousemodels
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which show that the treatment adjunct reduces bacterial burden2–4,29,30,
but in the absence of these studies incorporating PET-CT scans, we are
unclear whether the impact of adjunctive statins can be detected by
PET-CT even in mouse-models. Alternatively, it could be that in this
sub-study of 24 participants, a small effect from the adjunctive drug
was missed, or that 18F-FDG PET-CT lacks the resolution to detect
small changes against a background of highly effective standard TB
treatment. Several alternative tracers to 18F-FDG have been shown to
have better signal-to-noise ratios compared to FDG-PET, have specifi-
city for specific immune-cell subtypes (macrophages in particular),
whilst being able to discriminate between the bactericidal efficacy of
different TB regimens21. Epidemiological studies conducted in mod-
erate to high TB burden countries, suggest that statins may protect
against progression from infection to active disease5,6. It may be that
statins can have an impact at the subclinical stage of infection when
bacterial burdens are low and largely intracellular, by successfully
enhancing intracellular immune pathways (e.g., phagolysosomal
fusion)2,31. In active, high-burden disease, where a large proportions of
bacteria are extracellular and where alternative immune pathways are
more important for control32, statins may be ineffective. Given that
18F-FDG PET-CT has the capacity to detect subclinical disease and
predict progression to active (high-burden) disease33,34, future studies
could explore the role of statins in preventing progression to active
disease amongst those with subclinical infection.

Overall, PET-CT could detect a response to tuberculosis treatment
after the eight-week intensive phase of treatment, if volumetric indices
such as TLG and TMV were used, but not by SUVmax and SUVmean.
Whilst it may be that the study’s sample size limited discovery of a
detectable change in SUVmax, since this metric has shown a response
to treatment previously35–41, large, prospective studies of PET-CT in
tuberculosis have similarly shown that volumetric indices, in particular
TLG, are better surrogates of treatment response compared to several
other metrics11,15,16,24,42.

TLG decreased by 64% after eight weeks of standard treatment, a
value that is comparable to previous studies. A recent study showed an
~40% reduction in TLG occurs as early as after 2 weeks of standard
treatment20, and anywhere between 15–60% reduction by four weeks

occurs in those who go on to have favourable outcomes15,16. In one
study, a reduction of less than 5% TLG at one month of treatment
carried a 2.24 (95% CI 1.05–4.78, p =0.07) relative risk of an unfa-
vourable outcome (failure or disease recurrence), and less than 80%
reduction in TLG at treatment completion carried a 6.97 (95% CI
2.53–19.22, p <0.0001) relative risk of an unfavourable outcome15.
These data, supported by the current study, suggest that proportional
change in TLG can be used as a biomarker to predict treatment
response. A proportional rather than absolute change in TLG is
necessary given the significant variability in TLG prior to treatment,
which, as shown in this study, is a function of tuberculosis disease
burden. Measuring proportional change in TLG at eight weeks into
treatment allows sufficient time for volumetric andmetabolic changes
to occur and be early enough to act as a predictive tool. More data are
needed to determine the specific size of proportional change in TLG
that would be predictive of relapse-free cure.

The finding that those with a poor TLG response also had poorly
responsive cavitatory disease, and that cavity number and diameter is
related toweek eight TLG is interesting given the accepted dictum that
the presence of large cavities increases the risk of treatment failure,
relapse, drug resistance, and warrants treatment extension43. In a
rabbit model of tuberculosis, increased 18F-FDG uptake on PET-CT
predicted the development of lung cavitation44. A previous PET-CT
study found that the persistence of large cavity volume despite treat-
ment came second only to TLG in predicting an increased risk of
unfavourable outcome15. Future studies should investigate whether a
high pre-treatment TLG or poor TLG response to treatment is driven
by cavitatory disease.

The main limitation of this study is that it was a small study with
limited power to detect differences between the rosuvastatin and
control groups. Setting an SUV cut-off of ≥ 2, which has been used in
other studies27, may have missed areas of inflammation with low-
intensity that were representative tuberculosis lesions. The protocol
incorporated a permissive window for PET-CT scans to occur, with
participants receiving a median of nine days of TB treatment prior to
baseline scans. A recently published trial has shown thatup to 40%TLG
can occur within the first 14 days of standard TB treatment20, thus the

Fig. 3 | Impact of adjunctive rosuvastatin versus standard TB treatment alone
over 8 weeks of treatment in N = 24 participants. Blue dots represent Control
group, Red dots represent Rosuvastatin group. Open dots represent Week 0
timepoint, coloured in dots represent Week 8 timepoint. A SUVmax [Week 0
median = 10.3 (IQR6.4, 13.4),Week 8median = 7.9 (IQR5.8, 9.9) for Control,Week0
median = 8.3 (IQR 5.1, 10.2), Week 8 median = 6.8 (IQR 3.9, 9.2) for Rosuvastatin],
BTMV (cm3) [Week0median = 223.5 (68.8, 393.6),Week8median= 102.1 (IQR32.1,
229.4) for control,Week0median =114.2 (IQR37.4, 297.5),Week8median27.3 (IQR
0.8, 135.0) for Rosuvastatin], C TLG [Week 0 median = 804.7 (IQR 183.1, 1358.7),
Week 8 median = 308.5 (IQR 92.4, 771.4) for control, Week 0 median = 328.2 (IQR

1031, 987.4), Week 8 median = 79.8 (IQR 2.0, 443.3) for rosuvastatin], D Cavity
diameter on CT (cm) [Week0median = 5.0 (IQR 2.7, 7.4), Week 8median = 3.4 (IQR
1.4, 6.2) for Control, Week 0 median = 4.8 (IQR 1.2, 11.3), Week 8 median = 1.8 (IQR
0.6, 7.0) for Rosuvastatin], E Cavity volume on CT (cm3) [Week 0median = 4.4 (IQR
1.7, 10.1), Week 8 median = 1.3 (IQR 0.3, 3.0) for Control, Week 0median = 3.9 (IQR
1.0, 20.5),Week 8median = 1.0 (IQR0.3, 5.3) for Rosuvastatin],F Percentage of lung
affected (%) [Week 0median = 30 (IQR 20, 45), Week 8median = 20 (IQR 15, 40) for
Control,Week 0median = 27.5 (IQR 17.5, 52.5),Week 8median = 20 (IQR 5, 52.4) for
Rosuvastatin]. Source data are provided as a Source Data file.

Table 2 | Impact of TB treatment on radiological metrics measured, N = 24

Variable Week 0 Week 8 Change Percentage (%) reduction P*

SUVmean 2.5 (2.4, 2.6) 2.5 (2.3, 2.7) −0.03 (−0.2, 0.2) - 0.86

SUVmax 9.3 (5.5, 11.4) 7.4 (4.9, 9.2) −1.07 (−3.8, 1.8) - 0.15

TMV (cm3) 167.3 (57.9, 323.9) 46.0 (32.1, 229.4) −69.6 (−191.4, −7.4) 56.1 (20.7, 88.0) 0.0001

TLG 544.2 (158.5, 1021.7) 132.8 (26.3, 628.1) −202.0 (−664.4, −13.9) 64.3 (9.0, 88.7) 0.0005

Number of cavities 4.5 (1.5, 8.5) 3 (1, 8.5) −1 (−3, 0.5) - 0.13

Cavity diameter on CT (cm) 4.8 (1.8, 9.1) 2.5 (1.1, 6.9) −2.0 (−3.7, 0) - 0.011

Cavity volume (cm3) 4.0 (1.1, 11.9) 1.0 (0.3, 3.4) −2.9 (−6.0, −0.5) - < 0.0001

Percentage lung affected on chest x-ray (%) 30 (20, 53) 20 (10, 40) −7.5 (−15, 0) - 0.0002

Values shown aremedianswith 25 – 75% IQR in parenthesis. *Wilcoxonmatched-pairs sign-rank test. A two-sided testwas applied to all tests of statistical significance. Source data are provided as a
Source Data file.
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prior treatment received in our cohort of patients would have affected
baseline values, may have reduced the magnitude of changes seen as
well as any between-group differences, especially if effects of rosu-
vastatin occur early. This sub-study did notmeasureCT-basedmarkers
of lung disease such as radiodensity and lung volume. Changes in PET
indices have been shown to occur before structural CT indices in
several studies1,13. Nevertheless it is possible that statins could have had
a specific impact on lung structure which may have been captured by
measuring changes in lung density or volume, which is a limitation of
this study.

Our finding that there was no substantive difference between two
readers, one of whom is a trained radiologist, suggests that segmen-
tation in a PET-CT study such as this can be precise when protocolised.
However, the manual segmentation needed to determine the volu-
metric indices on PET-CT is time-consuming and labour intensive. It
involves creating a CT lung mask where all non-lung parenchymal tis-
sues such asmediastinal structure and large bronchi are removed. This
CT lung mask is then overlaid on the PET images and all avid lesions
within the lung mask are manual drawn out on each CT slice, which
finally allows the software to create a volume of interest (VOI). Each
VOI represents themetabolic volumeof an individual tuberculous lung
lesion, of which there can be > 20 in a patient who has extensive dis-
ease. The analysis of each scan could take an operator up to two hours
to complete, depending on the disease burden present. The use of the
alternative semi-automated software, used in oncology to provide
metabolic tumour volumes and total tumour glycolysis, wasmore time

efficient. However, the finding in this study, that the software used
underestimated tuberculosis disease burden, highlights the need for
the development of disease-specific artificial intelligence algorithms
within such software.

Adjunctive rosuvastatin did not have an impact on PET-CT para-
meters over that of TB treatment alone. The substantial reduction in
TLG and TMV from the first eightweeks of tuberculosis treatment seen
in this study calls for future studies to determine whether this bio-
marker is predictive of relapse-free cure. As tuberculosis treatment
regimens are improved upon to bemade safer, shorter in duration and
more efficacious, there will also be increased focus on addressing the
impact and sequelae of lung inflammation from tuberculosis, through
the use of HDT agents, early identification of disease and early treat-
ment. The benefit of TLG as a metric in PET-CT is that it provides a
quantitative marker of inflammation at the site of the disease and
should therefore continue to be investigated as a biomarker in future
studies that address the mitigation of lung inflammation. Should PET-
CT prove to be a helpful surrogate biomarker of tuberculosis treat-
ment outcomes in clinical trials, there remains a need to develop
disease-specific software thatwould allow the tool to be used in a time-
efficient manner, without compromising precision.

Methods
Study design
Ethical approval from the institutional review boards of each partici-
pating hospital and from the national regulatory agency of each

Table 3 | Linear regression analysis of predictors of TLG at week 8; N = 24

Predictor variables Reference TLG Univari-
able analysis

Univariable Parameter
estimate (95% CI)

P Reference TLG multi-
variable analysis

Multivariable Parameter
estimate (95% CI)

P

Age 477.3 −3.3 (−17.6, 11.0) 0.64 -

Female sex 247.0

Male sex +145.7 (−313.4, 604.7) 0.52 -

Philippines 435.2

Vietnam −140.1 (−512.8, 232.6) 0.44 -

Smoker 0.54 -

Current 622.6 -

Ex-smoker −329.7 (−942.4, 283.1)

Never −273.4 (−866.8, 319.9)

Standard treatment 476.6

Rosuvastatin treatment −228.7 (−591.4, 134.0) 0.20 -

No of cavities, week 8 174.2 + 33.7 (7.6, 59.8) 0.01 -

Cavity volume, week 8 302.2 + 13.1 (−9.9, 36.2) 0.25 -

CT Cavity diameter,
week 8

193.8 + 3.74 (0.34, 7.1) 0.03 -

Negative culture at week 8 305.2 −81.3

Positive culture at week 8 + 342.4 (−139.5, 824.4) 0.16 + 438.5 (111.1, 765.9) 0.012

Xpert semi-
quantitative value

- 0.0002 0.0001

Low 64.8

Medium + 16.2 (−356.0, 388.4) + 162.4 (−173.1, 497.9)

High + 667.2 (284.4, 1050.0) + 703.7 (376.3, 1031.2)

Smear
Negative

117.8 - 0.52 -

Scanty + 119.3 (−295.3, 530.9)

1 + + 284.2 (−275.2, 843.5)

2 + + 354.1 (−230.1, 938.3)

3 + + 478.7 (−141.0, 1098.3)

The number of cavities, cavity volume and diameter were based on CT scan analysis. Percentage of lung affected on chest x-ray. Xpert semi-quantitative value and smear was the result available at
trial entry. Source data are provided as a Source Data file.
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Fig. 4 | Comparison of PET-CT analysis by two independent readers
(18 scans), N = 9. Correlation (Left column) and Bland-Altman (Right column).
Dashed lines in Bland-Altman plots represent Limits of Agreement (LoA). A two-
sided test was applied to all tests of statistical significance. TLG (A) Spearman’s
r >0.99, P <0.0001, and (B) Bias = 10.7, 95% LoA: −49.9, 71.21; SUVmax (C) Spear-
man’s r =0.98,P <0.0001, and (D) Bias = −0.12, 95%LoA: −1.17, 0.93; TMV in cm3 (E)

Spearman’s r =0.99, P <0.0001), and (F) Bias = 5.80, 95% LoA: −26.4, 38.0; Number
of PET-CT avid lesions (G) Spearman’s r = 0.72,P =0.0008, and (H) Bias = −1.67, 95%
LoA: −10.61, 7.3. Single outlier of disagreement in Bland-Altman plots of TMV (3D)
and TLG (3 F) corresponds to the highest readings of TMV and TLG by both readers
(means of 850.8 cm3 and 3436.1 respectively). Source data are provided as a Source
Data file.
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country where this study was conducted was obtained (Table S1). A
randomised controlled Phase 2b trial was conducted in the Philippines,
Vietnam, and Uganda from 2020–20217. In total, 137 adult participants
with rifampicin-susceptible pulmonary tuberculosis were enrolled and
received standard treatment for 24 weeks, with or without adjunctive
rosuvastatin for eight weeks. Sputum culture conversion was assessed
weekly for the first eight weeks and then monthly until end of treat-
ment at week 24. This trial is registered with ClinicalTrials.gov
(NCT04504851). Full trial protocol can be accessed from the
supplement.

PET-CT scans
Informed consent was obtained from participants from trial sites in
Vietnam and Philippines for the PET-CT sub-study. These participants
were sequentially screened for eligibility for the PET-CT sub-study,
with a target of 38 participants. Participants were eligible if they had
had no more than 14 days of tuberculosis treatment prior to the first
scan, were able to tolerate lying flat for 15min, did not have poorly
controlled diabetes mellitus (based on site investigator), or have an
occupation or a history of medical procedures that exposed them to
> 10mSv of radiation in the previous 12 months. [18 F]-FDG-PET-CT
scans wereperformed atweek 0 and atweek eight after randomisation
into the main trial, within a 14-day window period for the scans.

Scans were performed using a standardised protocol. Briefly,
scans were only performed if a blood glucose level was <11mmol/L.
Participants were administered 3.5mCi (129.5MBq) of [18 F] fluoro-2-
deoxy-2-d-glucose an hour prior to the scan and kept warm and at rest
prior to the scan. Acquisition parameters for the PET-CT scan were
dependent on the specifications of the machine at the site (Siemens
Biograph 64 slice in Philippines and Philips Gemini in Viet Nam). The
scanning sequencewas a CT topogram followed by a low-doseCT scan
and then PET acquisition, with the scanner positioned 1 cm above the
shoulder to mid liver with the participant positioned with their arms
up. Scans were done on a single machine at a central scan facility in
each country.

Lung segmentation and manual lesion ROI delineation using
OsiriX MD
Scans were analysed centrally at the Clinical Imaging Research Centre
(CIRC) in Singapore by GBC. The protocol for segmentation, manual
delineation of regions of interest (ROIs) and calculation of SUV, TLG
and TMV, adapted from previously published work is provided in the
supplement27. Briefly, DICOM files were imported into OsiriX MD
(Pixmeo, Switzerland). Slices on theCT images thatdid not contain any
lung tissue were removed. A lung mask was developed using the in-
built segmentation tool using thresholds −1023 to −200 HU. Seg-
mentation of the lung mask was checked manually to ensure only the
lung fields were highlighted, with errors in the lung mask generation
corrected for across all scans performed In each slice, non-lung par-
enchyma including trachea, major bronchi, oesophagus, and other
non-lung tissue were removed to generate a CT-derived lung mask.
TheCT lungmaskwas then transposed to the PET images, afterwhicha
second visual check was performed, and where needed, manual
adjustment of themask to ensure that all lung parenchymal fields were
captured. All images were manually verified to be free from large mis-
registration artifacts between PET and CT modalities. Avid lesions
inside the lungmaskwere isolatedby an in-built ROI selection toolwith
the threshold set to SUV of >2.0 and grown to isolate a volume of
interest (3-D) based on the 2-D selected region (Fig. 2). Metabolic
volume, SUVmean and SUVmax were recorded for each avid lesion.
Total lesion glycolysis (TLG) was calculated from the product of
metabolic volume in cm3 and SUVmean. TLG is expressed without
units. Cavities were isolated visually on CT-pulmonary windows and
distinguished frombullae or airways. A visual assessment wasmade by
the reader to determine where the cavity diameter was the largest on

CT imaging. The in-built ROI selection tool on OsiriX (threshold set to
Hounsfield units of −1000 to −800) was used to identify cavities within
the lung-mask. Manual correction was made of the iso-contour of 2-D
selection region to ensure cavities were adequately captured. This was
then grown to isolate a volume of interest (3-D) based on the 2-D
selected region. All parameters were obtained using combined data
from both lungs, even if the disease was unilateral.

Lung segmentation and generating VOI using syngo.via MM
Oncology
A sub-study of this work aimed to investigate if the choice of image
analysis software influenced the study results. For this investigation,
we utilised second commercial system (Syngo.Via MM Oncology, Sie-
mens Healthineers, Erlangen, Germany). All scan data was processed
and analysed on both software platforms centrally at the Clinical
Imaging Research Centre (CIRC) in Singapore by a single reader (GBC).
Semi-automated measurements were performed using Syngo.via MM
Oncology. Lung mask segmentation was performed using in-built
automatic segmentation for lung tissue. Volumes of interest (VOI)
within the lung masks were generated using the isocontour tool with
the same SUV threshold as in the OsiriX analysis (SUV > 2.0). Using
visual assessment, manual adjustment of the VOIs was performed if
needed. The software produced the SUVmax, metabolic volume and
TLG for each VOI.

Second reader Validation
We further aimed to investigate the effects of potential reader bias in a
reproducibility study of 9 randomly selected participants (18 scans)
that were analysed by a second independent reader (CWY) using only
the software platform (OsiriX MD).

Blinding
Both readers (GBC and CWY) who analysed the scans were blinded to
the treatment group allocation. Participants and trial site investigators
were not blinded to the treatment group allocation. Treatment group
allocationwas revealed after scanswere analysed and the databasewas
locked, to enable one of the investigators to complete the statistical
analysis.

Statistical analysis
The sample size estimate assumed a 50% decrease in TLG in the stan-
dard of care arm over 8 weeks. Based on an α of 0.05 level of sig-
nificance, a sample size of 15 participants per arm would provide a
power of 80% to see a 66% difference between control and rosuvas-
tatin groups (i.e., 50% drop vs. 83% drop in TLG at week 8 scan com-
pared to baseline), with a standard deviation of 30%. The primary
outcome was the change in TLG between baseline and week 8 scan.
Secondary outcomes were the changes in TMV, SUVmax, SUVmean
and cavity size on CT scan. Data which was not normally distributed
was compared between Week 0 and Week eight using the Wilcoxon
matched-pairs sign-rank test. Comparison of these outcomes between
treatment groups (rosuvastatin vs. control) utilised the Wilcoxon rank
sum test. Where data was normally distributed (percentage of lung
affected on chest x-ray), a student’s t-test was used for comparison
between groups. Spearman’s r was calculated for correlation coeffi-
cients. Bland-Altman plots of difference between readers’ readings
versus the average reading; and reading taken by OsiriX MD and syn-
go.via versus the average reading from the twomethods. All statistical
tests were done with a 5% two-sided significance level in Stata Statis-
tical Software: Release 18. Plots were graphed using GraphPad Prism
version 10.0.0 for Windows.

Inclusion statement
Researchers from the study sites in Uganda, Vietnam and Philippines
were integral to the design, data collection, and analysis phases of this
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study. Their knowledge and expertise ensured culturally relevant
approaches were used in this study. Efforts were made to build capa-
city and ensure equitable recognition of their contributions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.

Code availability
Code written for the study will be made available on request to the
corresponding author from 6 months to 2 years after publication of
this Article. An approved project proposal and a signed data access
agreement will be required before the code can be shared.
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