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Abstract 

Introduction : Positron emission tomography/computed tomography (PET/CT) in infection 
and inflammation has yielded promising results across a range of radiopharmaceuticals. In 
particular, PET/CT imaging of tuberculosis (TB) allows for a better understanding of this 
complex disease by providing insights into molecular processes within the TB 
microenvironment. TB lesions are hypoxic with research primarily focussed on cellular 
processes occurring under hypoxic stress. With the development of hypoxia seeking PET/CT 
radiopharmaceuticals, that can be labelled in-house using a germanium-68/gallium-68 
(68Ge/68Ga) generator, a proof-of-concept for imaging hypoxia in TB is presented. 

Methods : Ten patients diagnosed with TB underwent whole-body PET/CT imaging, 60–90 
min after intravenous administration of 74–185 MBq (2–5 mCi) 68Ga-nitroimidazole. No oral 
or intravenous contrast was administered. Images were visually and semiquantitatively 
assessed for abnormal 68Ga-uptake in the lungs. 

Results : A total of 28 lesions demonstrating hypoxic uptake were identified. Low- to 
moderate-uptake was seen in nodules, areas of consolidation and cavitation as well as 
effusions. The mean standard uptake value (SUVmean) of the lesions was 0.47 (IQR, 0.32–
0.82) and SUVmax was 0.71 (IQR, 0.41–1.11). The lesion to muscle ratio (median, 1.70; IQR, 
1.15–2.31) was higher than both the left ventricular and the aorta lesion to blood ratios. 

Conclusion : Moving towards the development of unique host-directed therapies (HDT), 
modulation of oxygen levels may improve therapeutic outcome by reprogramming TB 
lesions to overcome hypoxia. This proof-of-concept study suggests that hypoxia in TB 
lesions can be imaged and quantified using 68Ga-nitroimidazole PET/CT. Subsequently, 
hypoxic load can be estimated to inform personalised treatment plans of patients diagnosed 
with TB. 
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Introduction 

Imaging plays an important role in the diagnosis and management of tuberculosis (TB) and 
the manifestations of TB using various imaging modalities such as x-rays [1], ultrasound [2,3], 
computed tomography (CT) and magnetic resonance imaging (MRI) [1,4] are well described. 
Although these imaging modalities provide excellent anatomic information, there is a lack of 
functional, metabolic or physiologic information. This gap has more recently been filled by 
the increased use of PET/CT in the diagnosis and management of infectious diseases. 
Molecular and cellular changes occur earlier than structural or anatomic changes in 
pathological processes. Therefore, molecular imaging provides the ideal opportunity in 
diagnosing and monitoring various disease states [5]. There has been increased utilisation of 
PET/CT in imaging TB with particular emphasis on the application of new 
radiopharmaceuticals or the repurposing of existing radiopharmaceuticals for diagnosis and 
patient management. 

Tuberculous granulomas in guinea pigs, rabbits and nonhuman primates are hypoxic, and the 
hypoxic microenvironment is an important feature of TB lesions [6]. Belton et al. [7] found 
that TB lesions in humans are severely hypoxic when flourine-18 fluoromisonidazole (18F-
FMISO) PET/CT demonstrated heterogeneous uptake in hypoxic TB lesions within and 
between patients. Hypoxia leads to dormancy and latent disease [7,8]. Subsequently, dormant 
TB lesions become less susceptible to standard TB treatment regimens but have increased 
susceptibility to nitroimidazole drugs. This implies that PET/CT imaging with radiolabelled 
nitroimidazoles may identify patients who will benefit from alternative treatment strategies. 
Hypoxic PET/CT tracers have already been validated for the management of cancer and 
could play a role in the management of TB [8] by allowing for a better understanding of TB 
pathogenesis [7]. 

Gallium-68 (68Ga)-labelled nitroimidazole derivatives have been synthesised and 
preclinically validated as promising candidates for hypoxia imaging [9–16]. 68Ga-labelled 
nitroimidazoles demonstrated greater hydrophilicity, with faster clearance and increased 
target to background ratios compared with 18F-labelled nitroimidazoles [9,13]. These 
characteristics make them ideal for hypoxia-specific imaging. Considering the hypoxic nature 
of TB lesions [7,17], the role of 68Ga-labelled hypoxia-seeking agents may earn a place in the 
management of TB in an era shifting towards host-directed therapies (HDTs). The purpose of 
this study was to describe and quantify the hypoxic uptake of 68Ga-nitroimidazole in patients 
diagnosed with TB as a proof-of-concept PET/CT study. This study was limited to lesions 
demonstrating hypoxic uptake in the lung only. 

Methods 

Patients were prospectively recruited from the hospital TB clinic register for this study. 
Eligible patients were identified after TB was confirmed by a combination of clinical history, 
positive bacteriologic test or culture and a chest x-ray (CXR). Patients were then invited to 
participate in the study. After providing informed consent, 10 patients underwent a whole-
body (skull vertex to mid-thigh) 68Ga-nitroimidazole PET/CT (Siemens Biograph 40, 
Erlangen, Germany) scan within a month after initiating TB therapy. Patients waited 60–90 
min after administration of 74–185 MBq (2–5 mCi) 68Ga-nitroimidazole intravenously before 
imaging commenced. The product (68Ga-nitroimidazole) is not currently labelled for use as it 
is still investigational. No oral or intravenous contrast media was administered. Patients were 
positioned supine, head-first with both arms elevated where the patient condition allowed. 
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PET/CT images were acquired in three-dimensional mode with a 4-min emission scan over 
7–9 PET bed positions and an image matrix of 512 × 512. Reconstruction of images with and 
without attenuation correction (CT based) was done using ordered subset expectation 
maximisation (OSEM) to yield axial, sagittal and coronal slices. Hypoxia in the lung lesions 
was analysed using Siemens E-Soft 4DM (Siemens) processing software. Corrected PET data 
were fused with the CT data. Images were visually assessed for abnormal radiolabelled 
nitroimidazole uptake in the lungs that corresponded with pathology observed on the CT. 
Manual 10-mm regions of interest (ROIs) were drawn in lesions demonstrating abnormal 
hypoxic tracer uptake. The standard uptake value (SUV), which is representative of the 
relative concentration of radiolabelled 68Ga-nitroimidazole in the lesion of interest, 
normalised to the patient’s weight and the dose of radiotracer administered (SUV = 
radiotracer activity x patient weight/injected dose) was recorded. A 10-mm ROI was drawn in 
the sternocleidomastoid muscle at the level of the hyoid bone to represent normoxic tissue as 
a background to calculate the lesion to muscle (background) ratios (LMRs) for all lesions. 
LMR is the preferred semiquantitative parameter to quantify the proportion of uptake in 
PET/CT hypoxia imaging [10–13,18,19]. Additional 10-mm circular ROIs were drawn in the left 
ventricle and aorta as blood surrogate regions to calculate the lesion to blood ratio (LBRLV 
and LBRaorta) [7,20,21]. Overall, 28 lesions demonstrating increased 68Ga-nitroimidazole uptake 
were measured and used for this analysis. Descriptive data were analysed using IBM SPSS 
version 27 software (IBM Corp, Armonk, New York, USA) and summary statistics are 
presented below. Data were not normally distributed and are, thus, presented as medians with 
interquartile range (IQR). Approval to conduct the study was granted by the Research Ethics 
Committee of the Faculty of Health Sciences, University of Pretoria. 

Results 

Demographics and clinical presentation 

The median age of the patients was 42 years (IQR, 30–52 years). Most of the patients were 
male (n = 6). More than half the patients (n = 6) had comorbid HIV. 

The most common symptom reported before imaging included: coughing and weight loss (n 
= 9); fever and lethargy (n = 8) and chest pain (n = 4). Eight of the 10 patients were classified 
as a new diagnosis, whereas the remaining two were relapse patients. Patients were diagnosed 
with TB based on a combination of CXR, clinical data and bacteriologic confirmation. 

Procedural 

The median time between treatment initiation and imaging was 19 days (10–45 days). The 
median dose and volume, of 68Ga-nitroimidazole administered, were 89.36 MBq (53.65–
158.73 MBq) and 7.0 ml (5–10 ml), respectively. The pH of the product for injection was 
6.0–7.4. The radiochemical purity determined ITLC-SG was 95–100%. Patients waited for an 
average of 89 min (IQR, 82–95 min) between injection and imaging. 

PET/computed tomography findings 

68Ga-nitroimidazole showed high vascular activity with the kidneys being the primary route 
of excretion. Uptake was noted in the liver and intestines as reported preclinically [10–13,18,22]. 
All lesions that were measured, demonstrated low- to moderate-uptake in comparison to the 
background. All patients demonstrated hypoxic uptake in more than one TB lesion, although 
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some lung lesions noted on CT were not 68Ga-nitroimidazole avid. The upper lobe was the 
most frequently affected. Various lesions including nodules, cavitation or consolidation (Fig. 
1) throughout the lung fields demonstrated hypoxia. Two patients had associated pleural 
effusions which also demonstrated hypoxic uptake. 

 
Fig. 1: Uptake of 68Ga-nitroimidzole illustrated in: (a) 24-year-old male, 21 days after initiating 
therapy; (b) 27-year-old male, 31 days after commencing therapy; and (c) 32-year-old female, 15 days 
after initiating anti-TB therapy. 68Ga, gallium-68; TB, tuberculosis. 

Table 1 indicates the LMR of the lung lesions demonstrating hypoxic uptake of 68Ga-
nitroimidazole. 
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Table 1 - Summary of the tuberculosis lesions showing hypoxic uptake on the 68Ga-nitroimidazole 
PET/CT 

Lesion Location CT appearance LMR
1 R upper lobe apical Cavity 2.52
2 L apical Fibrosis 3.10
3 R upper lobe superior (cavity rim) Cavity 1.82
4 R upper lobe infero-posterior (cavity rim) Cavity 2.09
5 R upper lobe infero-anterior (cavity rim) Cavity 2.36
6 L upper lobe anterior segment Cavity 1.36
7 R upper lobe Consolidation with cavity 1.44
8 L upper lobe Consolidation with cavity 1.33
9 L lower posterior Nodule 1.03
10 L pleural effusion Effusion 2.28
11 R upper lobe apical Cavity 1.28 
12 R upper lobe anterior segment along oblique fissure Consolidation 1.16
13 R lower lobe medial basal Consolidation 1.78 
14 L lower lobe base Fibrosis 1.56 
15 R upper lobe apical segment Nodule 2.73 
16 L upper lobe apical segment Nodule 2.68 
17 L apico-posterior segment Consolidation 1.72 
18 L lower lingula Consolidation 1.41 
19 L middle lobe Nodules 2.06 
20 L pleural effusion Effusion 3.16 
21 R upper lobe anterior Nodules 1.03 
22 R middle lobe medial Fibrosis 1.12 
23 R middle lobe lateral Fibrosis 1.11 
24 R lower lobe Consolidation 3.07 
25 L apico-posterior Cavity 2.29 
26 L upper lobe apical infero-lateral Cavity 1.68 
27 R upper lobe cavity Cavity 0.91 
28 R superior segment of lower lobe posterior Cavity 1.05 

CT, computed tomography; L, left; LMR, lesion to muscle ratio; R, right. 
 
The ROI SUVs for the lesions compared with the muscle as background are summarised in 
Table 2 as medians and IQRs due to the nonnormality of the data. 
 
Table 2 - Standard uptake values of 68Ga-nitroimidazole uptake in tuberculosis lung lesions 
and background 

Region (10-mm ROI) Median IQR 
Lesion SUVmean  0.47 0.32–0.82
Lesion SUVmax  0.71 0.41–1.11
Muscle SUVmean  0.32 0.22–0.36
Muscle SUVmax  0.50 0.31–0.69

IQR, interquartile range; ROI, regions of interest; SUV, standard uptake value. 
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Figure 2 illustrates the LMR according to the lesion type. For all lesions, the LMR was higher 
than both the left ventricle and aorta LBR. 

 
 
Fig. 2: Semi-quantitative ratios (LMR) of the 68Ga-nitroimidazole uptake according to lesion type. 
68Ga, gallium-68; LMR, lesion to muscle ratio. 

Discussion 

Nuclear medicine and molecular imaging are increasingly being used in management of 
patients diagnosed with TB [1]. Hybrid imaging such as PET/CT has significant advantages 
over anatomic imaging [23], providing complementary physiological information about the 
disease [24,25]. The use of 18F-FDG in TB diagnosis as well as monitoring and predicting 
treatment response have been well described [26–28] and summarised [29]. Although 18F-FDG 
PET/CT is highly sensitive in detecting metabolic activity in infectious lesions, it still lacks 
specificity as uptake is also demonstrated in malignancies and inflammatory processes [5,30]. 
While the utilisation of 18F-FDG in TB is well researched [27,31–34], other non-18F-FDG 
PET/CT radiopharmaceuticals have also been explored. The role of 68Ga-citrate [35,36], 11C-
choline [37], 11C-labelled chemotherapeutics [38–40] and 68Ga-labelled synthetic antimicrobial 
peptides in TB have been described [23]. Findings from these studies highlight the need to use 
PET/CT to understand the pathology and target-specific molecular processes in TB. 

In the current proof-of-concept study, it is clear that TB hypoxia can indeed be imaged and 
quantified using PET/CT although uptake is of relatively low intensity. The low-intensity 
uptake aligns with other preclinical studies that investigated the use of 68Ga-labelled 
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nitroimidazoles. Some pulmonary lesions did not display hypoxic uptake, which is consistent 
with the notion that the TB microenvironment varies significantly between and within lesions 
in a single host [7,41,42]. There was uptake noted outside the lung, in the mediastinum and 
shoulder joints of one patient. It could not be confirmed whether this uptake corresponded to 
infectious sites because no biopsy was performed and only lesions in the lung were analysed 
for this study. Comparative studies to 18F-FDG and 18F-FMISO may have been beneficial. 
Comparative PET/CT imaging was initially considered but abandoned in light of the cost and 
radiation exposure considerations. The unexpected uptake could be attributed to 
extrapulmonary lesions, because it is known that common sites of extrapulmonary TB 
include the pleura, lymph nodes, gastrointestinal and genitourinary organs, bones and joints 
and the central nervous system [43]. 

Tuberculosis as a bacterial tumour 

In an effort to develop unique HDT to manage and eradicate TB, studies investigating the 
reprogramming of TB lesions to overcome hypoxia are underway [41,44,45]. The application of 
the term ‘bacterial tumour’ to TB seems well suited because the similarities between 
regulation of the human immune response to TB and solid tumours have recently been 
described [41,46]. Oehlers [47] explains that ‘TB granulomas are structurally and molecularly 
similar to tumours’. Frank et al. [41] identify a common feature of both TB and solid tumours 
as having gradients of oxygen tension. It has been postulated that modulation of oxygen 
levels will improve therapeutic outcomes in TB [48] similar to the improved outcomes in 
cancer treatment once tumour hypoxia has been reduced [49]. The parallels drawn between 
TB and tumour vasculature, immunology, metabolism and tissue pathology suggest that 
reducing levels of hypoxia will make TB lesions more susceptible to TB chemotherapy [47]. 
Resistance of dormant bacteria in the hypoxic TB microenvironment [50] highlights the need 
to be able to image the hypoxic load [8] in TB lesions in order to determine whether the 
patient would benefit from alternative HDT as opposed to a standard treatment regimen. 

There has been extensive use of hypoxia-seeking radiopharmaceuticals in oncology to plan 
therapy and monitor treatment response [51]. Hypoxia imaging with PET/CT plays a 
significant role in prognostic tumour imaging because the volume and intensity of hypoxia 
strongly correlate with disease progression, survival and prediction of relapse [51]. A similar 
strategy may be applicable in TB owing to the high specificity of hypoxia PET/CT as 
compared with other noninvasive hypoxia detection techniques [51]. Many authors have 
suggested that hypoxia plays a role in the host response to TB therapy [48]. Extending from 
this, the use of nitroimidazoles in TB therapy has been suggested with the emergence of new 
HDTs being explored as well as repurposing ‘old’ drugs to refine treatment on a case-by-case 
basis [52–54]. 

The use of nitroimidazoles such as 18F-FMISO, 18F-fluoroazomycinarabinozide (18F-FAZA), 
18F-fluoroerythron-itroimidazole (18F-FETNIM), 18F-2-nitroimidazol-pentafluoropropyl 
acetamide (18F-EF5) and 124I-iodoazomycin galactopyranoside (124I-IAGZ), among others, 
have been explored for potential use in tumours [51]. Their application can be paralleled for 
use in TB as illustrated by Belton et al. [7]. The limitations of 18F-labelled hypoxia-seeking 
agents include the high background and slow selective uptake due to their lipophilic nature. 
18F-labelled agents also requires readily available and reliable supply from a cyclotron 
facility. An in-house bench-top germanium-68/gallium-68 (68Ge/68Ga) generator provides a 
more feasible option for hypoxia imaging with labelling processes on site [55]. Since 68Ga-
nitroimidazoles are more hydrophilic [9,13], compared with 18F-FMISO, it was anticipated that 
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the LMR would be higher in the current study and that uptake would be more intense [13]. 
However, the findings align with Wu et al. [14], who raised the concern that the hydrophilicity 
may lead to insufficient retention and accumulation in hypoxic cells [14]. Furthermore, 
hypoxia PET/CT is known to have inherently low signal-to-noise ratios [56]. One should also 
consider the different intrinsic physical characteristics between 68Ga and 18F, which 
ultimately affect the spatial resolution and sensitivity of PET/CT images [57,58]. 

Quantifying hypoxia and comparison to preclinical studies 

The selective entrapment of nitroimidazoles within regions of hypoxia allows for quantitative 
estimates of hypoxia in tissue using PET/CT [59]. Many different approaches have been used 
in reporting uptake of hypoxia-seeking radiopharmaceuticals. The most common 
semiquantitative measures used in addition to the SUV to report hypoxic:normoxic tissue is 
the lesion (or tumour) to muscle and lesion (or tumour) to blood ratio. Carlin and Humm [59] 
state that for studies that used 18F-labelled hypoxic agents, activity concentrations greater 
than 1.3 times the concentration in blood reflect locoregional hypoxia. In another study with 
18F-MISO, a tumour to muscle ratio of 1.4 was indicative of hypoxia 2 h after injection [4]. 
In-vitro results indicate a hypoxic:normoxic ratio of 6:1. Since hypoxia exists in a transient 
and variable state within single lesions, individual PET voxels will typically only reflect 5–
30% hypoxic tissue. Therefore, it is more appropriate to expect a 2:1 ratio indicative of 
hypoxia [59]. Preclinical studies report hypoxic:normoxic ratios for 68Ga-labelled 
radiopharmaceuticals ranging from 1.8 to 7.9 depending on the nitroimidazole derivative and 
tumour cell line that was used [10–12,16]. These studies also report LMRs ranging from 1.41 to 
5.7 and LBRs from 0.6 to 1.5 [10–13,18]. Our results align with these semiquantitative 
preclinical studies. Fernández et al. [9] concluded the 68Ga-nitroimidazole derivatives from 
their study yielded results comparable to 18F-FMISO with favourable biodistribution and 
LMRs. Although, head-to-head comparison to other studies is challenging due to differences 
in PET hardware, image reconstruction, processing, radiopharmaceutical used and 
semiquantitative analysis; the use of 68Ga-nitroimidazoles provides a viable option for 
hypoxia imaging with PET/CT. Overall, the 68Ga-nitroimidazole uptake in TB lesions 
demonstrated low intensity. This is consistent with studies that used 18F-labelled 
nitroimidazoles in oncologic studies [51] and with 68Ga-nitroimidazole preclinical uptake data 
[10,12,13,16]. 

Conclusion 

68Ga-nitroimidazole yielded relatively low-grade uptake with a SUVmean of 0.47 (IQR, 0.32–
0.82) and LMR of 1.70 (IQR, 1.15–2.31) in lung lesions of patients diagnosed with TB. The 
LMR appears to be the most favourable quantification method. The results from this proof-
of-concept study suggest that hypoxia in TB lesions can be imaged using 68Ga-nitroimidazole 
PET/CT. Furthermore, the hypoxia can be described and quantified to identify patients that 
may benefit from nitroimidazoles as part of HDT. Early determination of hypoxic load in 
patients diagnosed with TB will enable the identification of the extent of lesions that could 
harbour dormant bacilli. Being aware that the patient has lesions potentially resistant to 
current anti-TB drugs and, thus, the potential for long treatment durations, relapse or the 
development of latent TB, we can harness the potential power of individualised patient 
treatment and adjunctive therapies towards the goal of TB eradication. A robust clinical trial 
using 68Ga-nitroimidazole PET/CT to image TB hypoxia is needed to determine the impact 
on patient management and whether the hypoxic load can be used to predict treatment 
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outcome at an early stage. In addition, the potential of 68Ga-nitroimidazole imaging in other 
infectious diseases should be explored. 
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