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Abstract

Tuberculosis (TB) remains a global threat, with the rise of multiple and extensively drug
resistant TB posing additional challenges. The International health community has set
various 5-yearly targets for TB elimination: mathematical modelling suggests that
a 2050 target is feasible with a strategy combining better diagnostics, drugs, and
vaccines to detect and treat both latent and active infection. The availability of rapid
and highly sensitive diagnostic tools (Gene-Xpert, TB-Quick) will vastly facilitate
population-level identification of TB (including rifampicin resistance and through it,
multi-drug-resistant TB).

Basic-research advances have illuminated molecular mechanisms in TB, including the
protective role of Vitamin D. Also, Mycobacterium tuberculosis impairs the host
immune response through epigenetic mechanisms (histone-binding modulation).
Imaging will continue to be key, both for initial diagnosis and follow-up. We discuss
advances in multiple imaging modalities to evaluate TB tissue changes, such as
molecular imaging techniques (including pathogen-specific PET imaging agents), non-
invasive temporal monitoring, and computing enhancementstoimprove data
acquisition and reduce scan times.

Big data analysis and Artificial Intelligence (Al) algorithms, notably in the AI sub-field
called “Deep Learning”, can potentially increase the speed and accuracy of diagnosis.
Additionally, Federated learning makes multi-institutional / multi-city Al-based
collaborations possible without sharing identifiable patient data. More powerful
hardware designs - e.g.,, Edge and Quantum Computing- will facilitate the role of
computing applications in TB.

However, “Artificial Intelligence needs real Intelligence to guide it!” To have maximal
impact, AI must use a holistic approach that incorporates time tested human wisdom
gained over decades from the full gamut of TB, ie., keyimaging and clinical
parameters, including prognostic indicators, plus bacterial and epidemiologic data. We

propose a similar holistic approach at the level of national / international policy




formulation and implementation to enable effective culmination of TB’s endgame,

summarizing it with the acronym “TB - REVISITED”.
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Core Tip:
CORE TIPS
A Holistic (comprehensive) approach is suggested to achieve TB elimination goals
Early diagnosis especially for Multi-Drug Resistant TB
Utility of Modern Rapid Diagnostic Tools
The role of Imaging in TB and key radiological signs
Comprehensive Al algorithms incorporating key Imaging and clinical signs
The role of Vitamin D supplementation in complementing the TB drug regimen
Molecular Imaging
Quantum Computing and other perspectives in TB strategies to help achieve the various
targets set for elimination of TB
A unified Global approach with edge computing/ dashboards and other technological

innovations

INTRODUCTION

Introduction g
2
Nearly 1.5 centuries after Robert Koch discovered Mycobacterium tuberculosis (MTB) in
1882, tuberculosis (TB) remains a global threat and a deadly human pathogen,

ubiquitous enough to comprise an occupational hazard for medical personnel in many




locales. Its high prevalence in both immunocompetent and immunocompromised
individuals historically made TB a top-10 cause of death worldwide and the leading
cause of death from a single infectious agent!, though it fell to 13™ after being overtaken
by COVID-19 in 2021. 95% of cases and deaths occur in developing countries. About
one-quarter of the world's population a TB infection, though most are not (yet)
symptomatic and contagious®. Because people with active TB can infect 5-15 other
people through close contact over a single year?, the consequence of delayed/ missed
diagnosis cascagde. However, TB is curable and preventable?.
The incessant rise of Multidrug-resistant TB (MDR-TB) and extensively drug-resistant
(XDR) TB3 4, either primary or acquired, pose an additional challenge. Incidence of
either varies in different studies: more concerning, only 1/3*!of such individuals
accessed treatment in 20202
The three countries with the largest share of the global burden in 2019 were ° India
(27%, 2.8 million cases annually, 150,000 MDR-TB cases every year®), China (14%), and
the Russian&deration (8%). In 2020, an estimated 10 million people fell ill with TB
worldwide. The largest number of new TB cases occurred in the WHO South-East Asian
Region (43% éAfrican Region (25%), and Western Pacific (18%) 2. In descending case-
count order, eight countries account for two thirds of the total: India., China, Indonesia,
Philippines, Pakistan, Nigeria, Bangladesh, and South AfricaZ

Ending the TB epidemic by 2030 is among the health targets of the United Nations
Sustainable Development Goals(SDGs)Z.The End TB Strategy defines five-yearly
milestones/ targets for reducing TB cases and deaths. The targets for 2030 are a 90%
reduction in TB deaths and an 80% reduction in new cases per year, compared with
levels in 20157, with a reduction in new cases to <1 per million population annually by
20508.

Diagnosis of TB

MDR-TB: Advances in Laboratory Diagnosis:

MDR-TB is defined as an infection with MTB strains non-responsive to isoniazid (INH)

and rifampicin (RIF), the 2 most effective first-line anti-TB drugs. Mutations in the




INH ? and RIF '° resistance gene confers high competitive fitness, favoring their spread:
>90% of RIF-resistant strains are also INH-resistant!l. Most people develop MDR-TB
because of delayed or incomplete treatment, increasing subseguent healthcare costs
dramatically’2. MDR-TB is curable with second-line drugs: in 2018, the treatment
success rate of MDR-TB patients was 59% worldwide. The earlier treatment regimens
for up to 2 years? have been superseded by WHO’s updated (2021) recommendation for
shorter (9-11 mo) and fully oral regimens!3, which increase compliance greatly.14
Previously laboratory confirmation of TB by culture required 6-8 wk '>: diagnosing
MDR-TB, which used to be exclusively clinical, jnyolved delays of up to 4 mo to
identify therapeutic response failure; coupled with persistently positive sputum smears
after 4 mo of regular treatment with a first-line DOTS (Directly Observed Treatment,
Short-course  Regimen) & 17.Such therapeutic setbacks especially impacted
impoverished or illiterate patients psychologically: after expecting a treatment duration
of 7-9 mo only, to be informed halfway through that a new regimen was necessary, they
often stopped treatment and were lost to follow-up, eventually spreading MDR-TB to
others, exponentially. The spread of MDR-TB was also worsened by policies of using
the much cheaper ‘regular TB’ drug regimen empirically: treating MDR-TB is 5-200
times moreﬁxpensive than treating nondrug resistant TB'S.

However, PCR based technologies such as cartridge based nucleic acid amplification
techniques [CBNAAT] (GeneXpert®, Cepheid USA, introduced in 2010), can now
rapidly detect both MTB genetic material from sputum samples and RIF resistance
within 2 h using the current generation of the technology!?, without requiring special
technicians/rooms and barely occupying the space of a computer printer!?, at a cost of
$5/test. This has been called the most exciting innovation in TB diagnostics in over a
century!2, It is recommended by WHO2, which developed policies/guidelines and
monitoring frameworks for its use to support developing countries” Ministries of Health
(MOHs) in their implementation!2 . The latest GeneXpert technology (MTB/RIF Ultra)
has a ten-fold improvement in the lower limit of TB detection, and improves

differentiation of certain silent mutations, RIF resistance detection in mixed infections




(in 3-7 days), increased specificity in detecting RIF resistance in paucibacillary
specimens?!- 22, and better sensitivity in both pulmonary samples!® and extrapulmonary
samples such as pleural/ascitic fluid and biopsied material such as lymph nodes 2 2.
Our group were amongst the first to successfully use it for lymph nodes and also to
recommend the same being used to detect MDR TB upfront.

TB-QUICK is a recent ultrasensitive MTB detection platform which combines loop-
mediated isothermal amplification (LAMP) and CRISPR-Casl2b reaction
( PR=clustered regularly interspaced short palindromic repeats) for M TB detection.
It is highly sensitive (with a near single-copy sensitivity), requires less sample input and
offers even a shorter turnaround time than Gene-Xpert for RIF resistance.

In South Africa, national screening of high-risk groups (e.g., HIV-infected individuals),
deployment of Gene-Xpert machines, treating latent TB, and using quality MTB drugs
with shorter regimens led to a decline in TB*. We suggest that an identical approach be

ployed elsewhere to control the spread of this dreaded scourge.
Overall, TB, either incident or prevalent, is found in 4.1% of the MDR-TB contacts,
which is higher than the corresponding prevalence rates of 1.9% and 1.7% reported
among household contacts of drug-susceptible TB in the same locality?> 27, In a study it
was shown that RFLP analysis confirmed the transmission of MDR-TB among
household contacts while regression analysis showed XDR.TB had an even higher risk
of household transmission among all MDR-TB cases®. We have successfully used
CBNAAT to diagnose extrapulmonary TB, and feel this has tremendous potential to
revolutionize TB, especially MDR-TB, early diagnosis, treatment, and further
anagement. Piatek ef al'> and Mechal ¢t al* have independently reported the same.

National TB control programs are working to eliminate TB mainly by intensifying
efforts to find and cure patieﬁts with active disease. Mathematical models developed by
Dye and Williams?? suggest that, while most TB patients can be cured with present drug
regimens, the 2050 target is far more likely to be achieved with a synergistic
combination of diagnostics, drugs and vaccines to detect and treat both latent infection

and active disease.
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3.1

Imaging Methods in Tuberculosis
(Note: While interventional radiology plays a major role in TB treatment, we
deliberately limit this review’s scope to diagnostic/ prognostic imaging.)
TB has a known propensity for dissemination from its primary site and can affect
virtually any organ system in the body. It therefore demonstrates a variety of clinical
and radiologic findings and can mimic numerous other disease *. Hence, the role of
imaging in TB has grown exponentially. The possibility of TB is often first suggested on
an imaging study, particularly in relatively inaccessible sites.
In a known case of TB, imaging is often requested to assess the extent of disease,
evaluate response to therapy, or detect residual infection after completion of anti-TB
therapy. Imaging is also vital in guiding aspiration biopsies, therapeutic drainage of
collections of pathological fluid etc®!. Hence, Radiologists will continue to play a vital
le in eliminating TB.
Imaging findings in TB depend upon the extent of the disease process. Familiarity with
various imaging features permits early diagnosis and prompt management, thereby
reducing patient morbidity??.
In this section, we will also refer to various techniques that fall into the category
of “Molecular Imaging Technology” (MIT). MIT visualizes molecules of relevance to a
disease at both microscopic levels and in living subjects. For the latter, it provides 3D
spatial characterization (often using existing imaging modalities) and non-invasive,
temporal monitoring within the same subject’>. MIT may augment TB research by
advancing fundamental knowledge and accelerating the development of novel
diagnostics, biomarkers, and therapeutics®.

Conventional Chest radiography (CXR)

While radiology training has moved away from conventional radiology, most of the
developing world’s population cannot access tomographic (cross sectional) imaging
readily for logistic or financial reasons. Therefore, the time-tested signs/ patterns of TB
in conventional chest X-ray (CXR) cannot be forgotten. There is no excuse for missing a

Ghon'’s focus/complex or lamellar effusion (Figure 1) of childhood TB in a CXR taken
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for a different purpose. CXR has high sensitivity but limited specificity for detecting
pulmonary TB. As recommended by WHO's guidelines™®, it is very suitable for TB
screening and triaging, to stratify for risk, assess asymptomatic active disease, and for
follow-up. Stability of radiographic findings for 6 mo distinguishes inactive from active
disease. Where CT is unavailable, lordotic view3 and penetrated (high kV) views
improve depiction of the lung apices and mediastinal/carinal nodes, respectively. Dual-
energy radiography with bone subtraction, has also been used to improve depiction of
the lung apices®%.

Ultrasonography (US):

US is one of the commonest recommended examinations for TB, including in the
evaluation of suspected/affected lymph nodes and for guiding biopsies for the same.
Basic details are well known and beyond the scope of this manuscript. It is a very useful
non-invasive examination method in children including those with cervical
lymphadenitis (across age groups). The US signs of hilar absence, short to long
axis (S5/L) ratio = 0.5, an unclear edge, necrosis, an echogenic thin layer, strong echoes
and capsular or peripheral vascularity; may aid in the diagnosis of cervical tuberculous
lymphadenitis®. Endobronchial US-guided fine-needle aspiration biopsy for
intrathoracic TB lymphadenopathy is valuable when bronchoalveolar lavage and

sputum culture are ambiguous®].

US elastography (USE) [strain/shear wave] is useful for further evaluation of lymph

odes® and the detection of complications such as fibrosis®. USE techniques are
classified by the type of excitation applied: a) strain elastography and b) shear wave
elastography. Strain elastography includes constant force-induced displacement

tatic/quasi-static imaging) or acoustic energy-induced physiologic motion (ARFI).
Shear wave elastography is sub-classified as: transient elastography (TE), point shear
wave elastography (pSWE), two-dimensional shear wave elastography (2D-SWE), and

three-dimensional shear wave elastography (3D-SWE). Shear wave USE has clear




advantageaover strain USE by virtue of being quantitative and user independent.
However, shear wave measurements are effective only till 3 cm depth from the skin
surface, as the shear wave signal tends to attenuate rapidly beyond thig depth. This
though is an ideal depth for evaluating most cervical TB lymph nodes. On the color
elastogram, red represents the softest and blue represents the hardest areas, while
intermediate stiffness is indicated by green. These colors represent the relative hardness
of tissues on the elastogram (Fig 2: a-c). The units of measurement are kilopascal (kPA)
or Velocity (V) in meters/sec (m/s)-[1KPa=3x V2im/s) ] ¥.

Cervical, axillary, and inguinal lymph nodes are easily evaluated by standard USE; and
USE has the potential to non-invasively differentiate tuberculous from metastatic lymph
nodes because of the latter’s greater stiffness 4 41. On strain USE a cut-off value of 3.0
(strain ratio) has been suggested 424 for_determining if a mass/tissue is benign or
malignant. Shehata et all** stated that the best shear wave elasticity ratio (SWER) cut-off
value that allows significant differentiation between benign and malignant mass groups
was > 4.9. USE also has great potential for marking biopsy sites in a lymph node for
collecting samples for confirmation of the disease, as well as for drug sensitivity
purposes, especially in drug resistant TB (Figure 2 d). The samples collected should also
be run through CBNAAT techniques such as GenXpert. This will enable MDR TB to be
detected upfront (refer section 2.1).

These non-invasive techniques will be useful both for initial diagnosis and follow-up,
including treatment - response assessment and monitoring of sequelae’; e.g., post TB
medication Liver fibrosis (Figure 3); where avoiding a liver biopsy would be a great
boon. Shear wave Elastography features while assessing liver tissue stiffness are as
follows: (a) Normal: 1.37m/s, Metavir FO-F1,(b) Mild Fibrosis: 1.37 - 1.55 m/s, Metavir
F2, (c) Advanced Fibrosis: 1.55 - 1.8 m/s, Metavir F3 & (d) Cirrhosis: > 1.8 m/sec,

39, Metavir is an acronym of "meta-analysis of histological data in viral hepatitis".

Endoscopic ultrasound (EUS) elastography has proven to be useful for the evaluation
of mediastinal and abdominal lymph nodes and can provide additional information

about the structure and pathology of mediastinal and abdominal lymph nodes. It is an
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excellent method for targeting different areas of the lymph node to avoid unnecessary
needle passes in EUS guided biopsies®.

Multimodal ultrasound imaging combines several US modalities simultaneously: color
Doppler US, US elastography, and contrast-enhanced ultrasound (discussed shortly). It
differentiates tuberculous from non-tuberculosis superficial tuberculous lymphadenitis
with 100.00% sensitivity and a 94.12% positive predictive value®.

Micro-Bubbles (MB): in Diagnosis & Theragnostics

3.2.2

“Theragnostics” combines disease diagnosis with therapy*® . Micrometer-sized gas
bubbles (“micro-bubbles”, MB) allow for intravenous contrast-enhanced US%: MBs
oscillate resonantly when subjected to high-frequency US, which they reflect intensely.
The utility of the same in diagnostic radiology, especially for the urinary tract, is well
established*®. They can readily be utilized for US assessment of vesico-ureteric reflux in
patulous golf-hole uretero-vesical junctions seen in TB, circumventing the use of
ionizing radiation. Kiessling et al> discuss conjugation of antibodies to the MB surface
and incorporation of various molecules inside or onto the MB shell.

MBs have potential for targeted therapies. High-intensity US (HIUS) temporarily
disrupts the blood-brain barrier, allowing medications contained in MBs, which HIUS
also disrupts, to treat CNS cancers and intracranial TB *°. Additionally, MBs can deliver
medications to TB lymph nodes®!, as well as gene therapy to tissues exhibiting
congenital disease phenotypes5®.

Ultra-High-Frequency US and Ultrasound Biomicroscopy (UBM)

UBM is a superb tool to assess superficial TB lesions such as skin TB (lupus vulgaris),
both in their diagnosis, as well as during follow up (Fig 4). This is safe angd easily
repeatable and avoids the use of repeated biopsies. Ma ef al*® have designed a small-
aperture (0.6 x 3 mm) IVUS probe optimized for high-frequency contrast imaging. Their
design utilizes a dual-frequency (6.5 MHz /30 MHz) transducer for exciting
microbubbles at low frequencies (near their resonance) and_detecting their broadband
harmonics at high frequencies. Fei et al5?have developed broadband lithium niobate

(LiNbOs) single element ultrasonic transducers in the range of 100-300 MHz for high
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resoluh'on imaging. They claim a performance comparable to optical resolution and
state that availability of ultrahigh frequency transducers will make Ultrasound
Biomicroscopy (UBM) a promising tool to study fine biological structures. Future
applications of CEUS and UBM could be expected in TB too.

Dark Field Radiography (DFR)

34

X-ray dark-field radiography relies on ultra-small-angle scattering (diffraction) of X-
rays at the material interfaces within the tissue under investigation®3. “Dark field”,
when applied to visible light, refers to the bright appearance of scattering objects on a
dark background. Healthy lung tissue, with numerous air/parenchyma interfaces in the
alveoli, produces a relatively high signal> . Introduced experimentally in 2008, DFR
may increase sensitivity for early detection of varied lung pathologies involving the
alveoli, including tuberculosis.

Computed Tomography

CT enables non-invasive diagnosis of TB in patients with negative sputum examination
or no sputum production (as occurs in the follow-up of patients on anti-tuberculosis
therapy (ATT) or at presentation) ﬁon-invasively: it permits empirical ATT initiation
until culture results are obtained>¢. Contrast-enhanged CT is the investigation of choice
for evaluating mediastinal LNs and identifying pleural enhancement in empyema.
(Figure 5). High-resolution CT (HRCT) reconstructions are especially useful to detect
miliary and centrilobular nodules, ground-glass opacities, and air-trapping. (Fig 6).

Multi-detector CT and its volumetric capability enables earlier and more accurate
diagnosis of pulmonary lesions: detection of radiographically occult disease; assessment
of disease activity, parenchymal lesions (including miliary TB), mediastinal lymph
nodes (LNs), and visualized bones. It also helps evaluate complications like
bronchiectasis, cavitation, associated fungal balls, LN necrosis, and

eural/airway/diaphragmatic pathology. (Fig 7).

Spectral imaging on CT (dual-/tri-/quad-energy), when it becomes widely available,
should further enhance radiologists’ diagnostic armamentarium3. Khan et

al”” concluded that dual energy CT is superior to high-resolution CT for assessing
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pulmonary TB. RecentCT iterative reconstructions allow significant X-ray dose

reduction and improved image quality over conventional filtered back-projection
reconstruction methods®®. These advantages would enable greater use of CT in
Molecular Imaging.

Magnetic Resonance Imaging (MRI)

MRI yields high soft tissue contrast and resolution with high sensitivity for detection of
assue necrosis, as occurs in TB%. While MRI lacks the ionizing-radiation hazard, it
usually requires longer acquisition times. However, more recently, short-sequence lung
MRI (such as HASTE T2, BLADE T2, TRUFI T2 and VIBE T1) have been used for
pulmonary imaging in TB patients®. Cardiac MRI has made rapid progress too and is
the ideal modality for diagnosing Cardiac TB.

Cardiac TB can take the form of Pericarditis, Peri-Myocarditis or a
Pancarditis. Pericardial TB is the commonest manifestation of Cardiac TB (fig 8a & 8b).
In its early form it is seen as pericardial thickening. In advanced cases, effusion and
septations are seen. Accompanying para-spinal abscesses and pleural effusions can
easily be seen  (Figure 8 c). This may resolve on therapy or can undergo calcification.
Myocardial TB is rare and in the presence of a myocardial mass lesion, can frequently
be misdiagnosed as a neoplasm. The presence of associated diffuse or non-contiguous
pericarditis in the presence of myocardial masses is a good pointer to TB etiology of the
cardiac masses: The ‘Myocarditis - Pericarditis Complex” sign®! (Figure 9).In a case
series of 11 Cardiac TB cases imaged on a 3 Tesla MRI scanner, myocardial lesions were
seen in 6 cases (55%) and all of them had concomitant (either diffuse or non-contiguous)
pericardial involvement®’. This is in keeping with the etiopathogenesis of
myopericarditis in Cardiac TB. Greater awareness about the “Myopericarditis-
Pericarditis Complex” sign / when added to Cardiac Al diagnostic protocols /
algorithms, can save the patient from unnecessary invasive tests / cardiac biopsies.
Additionally, novel modalities, such as MR spectroscopy (MRS), chemical exchange
saturation transfer (CEST) contrast, Amide Proton transfer imaging and dynamic

contrast-enhanced imaging can detect physiological or metabolic changes without the




need of exogenous agents. In animal models, these novel MRI capabilities differentiated
bacterial infections from sterile inflammation or oncological processes®2 63,

3.5.1 Low-field MRI: Though currently still under development, low-field-strength
(and lower-cost) MRI (0.5 T vs. 1.5 or 3 T for typical scanners), coupled with state-of-
the-art hardware®, is being evaluated for high-quality imaging lungs and heart.

3.5.2 MR Spectroscopy (MRS)allows imaging of biochemical processes using
endogenous metabolites (e.g., choline, creatine, lactate) or substances labelled with
exogenous nuclei such as 19F and 13C. MRS can be performed with most clinical MRI
scanners, but multi-voxel MRS scanners are preferred for their greater coverage and
resolution. Morales et al® reported that a singlet peak at ~3.8 parts-per-million (ppm)
is present in most tuberculomas and absent in most malignant tumors, allowing
differentiation between these lesions.

3.5.3 Chemical exchange saturation transfer (CEST) contrast MRI uses compounds
containing exchangeable protons or molecules in concentrations too low to be
visualized using standard MR imaging®, with gadolinium substituted by alternative
metals, such as manganese, lanthanides, or iron-based agents®. CEST agents® can be
diamagnetic or paramagnetic. Diamagnetic agents (DIACEST) create relatively small
chemical shift differences (within 5 ppm of the water signal) that limit the observed
effect per injected agent dose. Paramagnetic (PARACEST) ions induce much larger shifts,
up to a few hundred ppm, thus allowing much shorter proton lifetimes. PARACEST
can be single metal-containing chelates (e.g., lanthanides), dendrimers, supramolecules,
and liposomes.

3.5.4 Amide Proton Transfer (APT): (Fig 10) Building on the principles of chemical
exchange saturation transfer and Magnetization Transfer (MT), amide proton transfer
(APT) imaging generates tissue contrast as a functicnhof the mobile amide protons in
the tissue’s native peptides and intracellular proteins. Tuberculomas demonstrate lower
MT ratios (MTRasym) compared to High Grade Gliomas (HGG), reflective of a relative

paucity of mobile amide protons in the ambient microenvironment. Elevated
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MTRusym values in the perilesional parenchyma of tuberculomas are a unique
observation that may be a clue to the inflammatory milieu®?.

3.5.5 MR Elastography (MRE): Rapiﬁrogress has been noted in the utilisation of MRE,
which includes the evaluation of alternatives to the expensive and invasive ‘liver
biopsy option” for assessing liver fibrosis in patients. Hepatic fibrosis is a known
complication of TB medicatigns (ATT)” (Fig 11). Imajo et al’! reported that MRE and US
shear wave elastography (2D-SWE) demonstrated excellent diagnostic accuracy in
detecting liver fibrosis in patients. They reported that MRE demonstrated the highest
diagnostic accuracy for stage 4 fibrosis detection and intra - and inter-observer
reproducibility?l. MRE has the potential to be applied to detection of TB fibrosis in
other organs too, e.g. kidney: including for treatment-response assessment and
monitoring of sequelae$, as fibrosis is a common manifestation in TB, including during
healing. This could be extremely vital in TB ureteric strictures which need to be stented,
as they will heal by fibrosis (with treatment); and could result in serious
damage/ function loss of the affected kidney, if left ungtented.

3.5.6 Advances in MR Hardware and Software: The development of sequences, arrays
of coils, k-space strategies, stochiatic imaging, and machine learning-based image
analysis procedures’” will provide numerous opportunities to improve image contrast
in MRI”. MRI sequences and post-processing techniques may replace or decrease the
use of contrast agents (for example 4D MRI instead of MRA and CEST imaging); hybrid
technologies such as PET /MR may rely on radiotracers in lieu of MR contrast agents”.

Nuclear Imaging, Fusion Imaging and Miscellaneous:

Nuclear imaging detects gamma-radiation produced by radioactive molecules
administered non-invasively in micromolar quantities. If such molecules also have
biological functions, one visualizes biological processes in vivo through functional
images (at the cost of poorer anatomical resolution compared to CT/MRI/High-res
US). Well-established for cancer management, molecular imaging may soon have

potential for infectious disease?>.




3.6.1 Positron Emission Tomography (PET) uses radionuclides that decay via positron
emission relatively quickly (e.g., 18-Fluorine and 11-Carbon have half-lives of 110 and
20 minutes) and require an on-site cyclotron to make the radionuclides on demand
before they decay. Single-photon emission computed tomography (SPECT) uses
longer-lived radionuclides (99-metastable-Technetium and 123-Iodine have half-lives of
6 and 13.2 h.) In either case, gamma radiation is converted by semiconductor detectors
into electrical signals which are then reconstructed as 3D tomographic images.

3.6.2 Pathogen-specific PET imaging agents, currently in development, could rovide
more accurate data on bacterial burden and other longitudinal information on infection
dynamics and treatment responses?% 77.

3.6.3 Fusion imaging - PET CT (Figure 12 A & B) & PET MR (Figure 12 C) combines
functional imaging (PET, SPECT) for pharmacokinetic/ metabolic information with
anatomic imaging (CT, MRI) for structural detail. This permits repeated studies in the
same subject over time, a fundamental advantage over traditional techniques. Data thus
obtained can be supplied to mathematical models of disease progression, which
represents a major advance for the field that has primarily relied on snapshots to
understand TB7>. A small study in adults with MDR-TB, 18F-Fluoro-deoxyglucose (18-
FDG) PET plus CT showed quantitative changes in computed abnormal volumes at 2
mo into the treatment that predicted long-term treaELent success more sensitively than
conventional sputum microbiology 7, suggesting the potential of imaging scans as
possible surrogate endpoints in clinical trials of new TB drug regimens”. TB
reactivation risk in animal models and human subjects has been accurately identified
through18F-FDG PET/CT7-51.

é6.4 EXPLORER total-body PET (TBP): This device’s increased sensitivity (x40) allows
PET scans at extremely low radiation doses while improving the scan speed (potentially
in less than a minute) and can track radiopharmaceuticals for longer periods after
injection®2. Although MDR-TB poses mortality risks comparable to those of many
common cancers®3, radiopharmaceutical imaging, while accepted for cancer workup, is

oddly avoided for infectious diseases. TBP could allow increased PET use in both
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pediatric and adult patients with infectious diseases #+% and would be very useful for
assessing the extent of TB, especially when involving multiple sites, including the
response to treatment.
66.5 Single-photon emission computed tomography (SPECT)
A rotating gamma camera captures energies from labelled molecules, which decay via
the emission of single gamma rays. Most cameras produce 2D images, although some
can perform tomographic 3D reconstructions. Foss et al 87 have designed a monoclonal
antibody mAb 3d29 that can be used to detect and localize areas of infection
with M. tuberculosis non-invasively, on SPECT, 24 h after radiotracer injection.
6.6 Optical imaging
Optical Imaging provides high-resolution (e.g., single-cell resolution) live imaging in
small animal models and has provided very valuable insights into various biological
ocesses (e.g., TB granuloma formation) 32 8. It is performed with highly sensitive
fluorescent or bioluminescent agents. However, the use of low-energy photons means
that the depth of penetration is limited to only a few centimetres. These could be used
for superficial pathologies e.g. cervical lymph nodes, including their complications (TB

lymphadenitis, including collar-stud abscess etc).

Advances in Ex Vivo Molecular Imaging and Microscopy:

includes Autoradiography, Fluorescence Microscopy, Fluorescence Life-time Imaging
Microscopy (FLIM), Matrix_assisted Laser desorption/ lonization Mass Spectroscopy
Imaging (MALDI/MSI): visualization of molecules based on mass detection.
MALDI/MSI can simultaneously detect multiple compounds and provides high spatial
resolution. Quantum Microscopy (improving the speed and sensitivity of Raman Scatter
Microscopy [SRS)); visualizing structures that would otherwise be impossible to see.

The molecular imaging techniques discussed below offer potential for cutting-edge
research into the cellular mechanisms of TB. While autoradiography and Fluorescence
Microscopy are long-established molecular imaging methods, the newer techniques use

different modalities and/ or extended study in living tissue.




3.7.1

Fluorescence Life-time Imaging Microscopy (FLIM)

3.7.2

Performed in vivo with highly sensitive fluorescent or bioluminescent agents provides
high-resolution (e.g., single-cell resolution) in small animal models, allowing
Eualization of various biological processes (e.g., TB granuloma formation)3 8.
However, the use of low-energy photons limits the depth of penetration to a few
centimeters. These could be used for superficial pathologies e.g., cervical lymph nodes,
including their complications (TB lymphadenitis, including collar-stud abscess, efc.).

Multiphoton intravital microscopy (MP-IVM)

MP-IVM is based on the simultaneous absorption of two or more (near-) infrared
photons. It allows visualization at single-cell resolution within a depth of a few
millimeters. Murooka et al*® used MP-IVM to monitor lymphocyte motility in lymph

nodes of mice.

3.7.3 Matrix assisted Laser desorption Ionization Mass Spectrosco Imagin

(MALDI/MSI):

This visualizes olecules based on mass detection. MALDI/MSI can simultaneously
detect multiple compounds with high spatial resolution. It has been used_to localize
mycobacterial biomarkers and TB drugs in infected tissue %°. MALDI-MSI can localize
multiple molecules (e.g., drugs, metabolites, lipids, proteins) simultaneously,
overlaying them onto histologically stained sections to reveal the spatial distribution of
each molecule with subcellular resolutions? %. MALDI-MSI can also be applied to
archived tissue blocks dating back decades”. This would be a great boon for research,
including retrospective studies.

The transition from anatomical imaging to functional/molecular imaging nﬁv allows
integration of imaging data with various levels of “omics” data (genomics,
metabolomics, proteomics, and pharmacogenomics). This may open new avenues for

predictive, preventive, and personalized medicine®.

3.7.4 Quantum Microscopy:




Quantum Microscopy has been utilized for improving the speed and sensitivity of
Stimulated Raman Scatter (SRS) microscopy; visualizing structures that would
otherwise be impossible to see. Casacio applied squeezed states of light in SRS,
developing a quantum-enhanced-microscope?”. This enhancement allowed for
resolution of the cell membrane which could not be seen on a conventional microscope
and sub-micron spatial resolution and the improved image contrast and reduced
imaging time surpassed the current state-of-the-art Raman microscopes, while avoiding
photodamage in the sample.
Molecular Mechanisms in TB

Role of Vitamin D

Another addition worth considering is the humble Vitamin D, which was used to treat
TB in the pre-antibiotic era?. Serum levels of 25-hydroxy-cholecalciferol (25-OH-D3) in
TB patients have been shown to be lower than in healthy controls®. The vitamin D-
cathelicidin pathway regulates the autophagy machinery, protective immune defenses,
and inflammation; and contributes to immune cooperation between innate and
adaptive immunity”. Vitamin D activates macrophages and restricts MTB's
intracellular growth®. In monocytes and macrophages, MTB lipoprotein binds to the
TLR2/TLR1 heterodimer (TLR=Toll-like receptor): this increases vitamin D receptor
expression and processing of the pro-vitamin D precursor, which in turn increases
production of a mycobactericidal peptide #. Vitamin D supplementation during TB
treatment accelerates sputum smear conversion and hastens resolution of inflammatory
responses?’.

systematic review (Sutaria et al”®) evaluated 21 randomized, controlled trials and
concluded that: 1) TB patients had lower vitamin D status [lower serum levels of 25-
OH-D3 % than healthy, age-matched, and sex-matched controls], 2) people with certain
Vitamin D receptor polymorphisms (Bsml and Fokl) had increased susceptibility to TB,
and 3) TB patients receiving vitamin D supplementation had improved outcomes in
most studies?®, including shortening treatment duration'®. Vitamin D deficiency may

adversely influence TB re-activation/ re-infection: lowered 25-OH-D3 Level leads to a
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fall in cell-mediated immune defenses, which can activate latent tuberculosis!?!. Hence,

it would be worth checking and restoring 25-OH-D3 Levels in malnourished TB
patients 102,

The Epigenetics Perspective

5.1

Epigenetics refers to heritable changes in DNA function caused by environmental
factors, without altering the DNA sequence, through mechanisms such as DNA
(de)methylation (methylation typically deactivates genes) and histone modification
(DNA is inactive when tightly bound to histone proteins.) MTB is known to cause
histone changes in immune cells that inactivate the defensive IL-2V gene
(IL=interleukin), improving MTB’s survival chances!®3. Gauba et al'™ review vari
MTB-induced epigenetic mechanisms. In their review, they have unravelled the
numerous ways by which MTB re-shapes the host epigenetic landscape as a strategy to
overpower the host immune system, for its survival and persistence.
The degree of methylation of key genes in the vitamin D metabolic pathway influence
risk and prognosis of tuberculosis 105. Here’s where Vit D supplementation can play a
vital role in protecting against TB and in complimenting Anti TB therapies.
Understanding the inter-talk between MTB and the epigenetic mechanisms_will also
play a vital role in controlling/ eliminating the scourge of TB!%. Analysing epigenetic
changes offers great potential in the diagnosis, prevention and treatment strategies for a
wide range of diseases, including TB. CRISPR interference (CRISPRi) has been utilized
in mycobacteria to identify novel drug targets by the demonstration of gene
essentiality. Faulkner et al'” used CRISPR interference (CRISPRi) to study genes
involved in mycobacterial antibiotic resistance, restoring Rifampicin sensitivity in M.
smegmatis with CRISPR. This offers hope for the future - for the creation of
epigenetically modified Anti-TB drugs to treat MDR & XDR TB.

Advances in Computing
We discuss advances under two broad categories, software (e.g., Artificial Intelligence,
Augmented and Virtual Reality) as well as Hardware Innovations.

Artificial Intelligence (AI) Applications in TB




Increasing Internet bandwidth, coupled with transparent data security, has advanced
telemedicine, so that remote diagnosis is now routine. Diagnosis can be assisted
by Artificial Intelligence (AI). An important Al sub-field, Machine Learning (ML), uses
statistical techniques, rather than explicitly encoded insight from human experts, to
detect patterns in (often considerable) volumes of data. ML allows classification (e.g.,
diagnosis) or making predictions. A rapidly progressing branch of ML, called
multilayer neural networks or “Deep Learning”(DL), can increase speed and accuracy
of onsite and remote diagnosis. DL algorithms have already been used to detect features
consistent with pulmonary TB in CXR and CT scans!0s.

However, “ Artificial Intellicence needs Real Intellicence to guide it!” To maximize Al

applications’ accuracy and utility in medical diagnosis and treatment modalities, Al
must incorporate experiential wisdom accumulated over decades of clinical and
radiological experience time, namely time-tested key medical ‘teaching’ and/or key
‘clinical” parameters, including prognostic indicators.

TB is no exception. Take childhood (<15 years) pulmonary TB, which represents 12% of
new cases, but 16% of the estimated 1.4 million deaths!?”. This higher mortality
highlights the urgent need to improve case detection, and to identify children without
TB disease eligible for preventive treatment. One strategy is systematic screening for
tuberculosis in high-risk groups'®. Early diagnosis and prompt treatment will prevent
spread to other children at school or in community settings, especially in resource-
limited settings!”®. Imaging algorithms can thus play an important role in screening
strategies.

The TB Primary Complex (Ghon's focus, draining lymphatics and hilar node/s) is very
common in developing countries. However, inexperienced radiologists find it
challenging to identify it in children on CXR, partly because the relatively prominent
pulmonary arteries obscure the hila. However, co-occurrence of pleural effusion
simplifies identification, because “classical” pleural effusions, especially of the lamellar
type (tracking along the pleura, mimicking pleural thickening) (Fig 1) are relatively

uncommon in children due to non-TB causes. A Childhood TB diagnosis algorithm
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using this information would gain in specificity. Similar considerations apply to Adult
TB. Patients with “Open Kochs” (lung cavities, or smear positive) (Figure 7 B) are far
more contagious and require isolation?”: including these factors in analysis/algorithms
enables more effective screening/control/ management.

While DL excels at recognizing individual patterns (most artificial-vision applications
use it), higher-level knowledge of key imaging and clinical signs allows integrating the
individual patterns into a diagnosis. Such “Holistic” algorithms that integrate all the
available information-not just on a single patient, but also molecular and epidemiologjic
knowledge-can significantly improve not only early detection of TB, including MDR-
TB, but more effective management and significant improvement in healthcare
outcomes.

Augmented Reality (AR) and Virtual reality (VR)

5.3

VR creates entirely synthesized 3-D environments, while AR (which is technically
simpler to create and often more practical) superimposes synthesized content on
existing environments, typically under user control. Both are potentially valuable for
teaching/ simulation and in clinical practice/patient education, by providing novel
visualizations. Clinicians/ radiologists could walk the patient through their own body
to explain the disease, intended intervention, and anticipated post-intervention
changes. Such immersive experiences could likely ensure greater compliance with the
treatment regimen.

Distributed Computing (DC)

We introduce DC because many Al problems, such as would address TB, require
computing power that single computing units cannot provide; including data housed in
computers at diverse geographical locations. In DC, a computational problem is tackled

by multiple, communicating, computing units. It has the following characteristics:

The units may lie within a single organization (connected by a local area network) or be

distributed geographically (connected by the Internet).
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Typically, a subset of units (often, just one “central” unit) may operate as either
“coordinators” that control/direct other “peripheral” units, or provide resources (e.g.,
data, computing services) to them.

The central units typically have far more CPU power and storage capacity than the
peripheral units. In the extreme case, the peripherals may be devices like smartphones,
or even single-purpose sensors (e.g., for continuous glucose or EKG monitoring).

The central units’ upkeep requires skilled/ expensive personnel. In Cloud Computing, the

units’ housing/maintenance is outsourced to a “cloud vendor” (Amazon, Microsoft,
Google, etc.). The available services can be scaled up or down in each billing cycle based
on the customer’s requirements. The term “cloud” indicates that the central unit is “out
there”, its physical location transparent to customers: location may even change.
A single central unit can pose a bottleneck if thousands of small devices connect to it,
especially over a sluggish Internet. Edge Computing''’ enhances cloud computing by
interposing intermediary units between the peripherals and central units. The Edge
units are physically close to the peripherals at a given geographic location (i.e., at the
“Edge” of a network diagram). They prevent overwhelming of the central unit, reduce
overall network traffic by aggregating inputs from the peripherals and also provide
some computing resources.

Federated Machine Learning

ML in general, and DL specifically, need lots of data (as well as diverse data from
multiple geographic locales) to achieve the desired accuracy. “Big-data” solutions
naturally suggest themselves. However, the obvious solution, physical pooling of data,
faces the following barriers:

Data privacy - which is less of an issue with all forms of digital imaging, where DICOM
metadata containing identifiable information can be removed.

Mistrust - a formidable hurdle when academic or commercial consortia bring rivals
together.
The technique of Federated Learning (FL), originally pioneered by Google!!'as an

application of their well-known MapReduce algorithm!!? allows iteratively training an
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ML model across geographically separated hardware: the ML algorithm is distributed,
while data remains local. It can be employed for both statistical and deep learning.
Typically, a central server coordinates computations across multiple distributed clients.
At start-up, the server sends the clients initialization information. The clients commence
computation. When each client is done, it sends only aggregate results back to the
server, not detailed or identifiable data elements. The server collates all clients’ results
and sends updates to each client, which then computes again. The process continues
until the ML training completes convergence.

Ng et al'’3 provide a detailed technology overview. Sheller et al'* use FL to replicate
prior analysis of a 10-institution brain-tumor-image-dataset derived from The Cancer
Genome Atlas (TCGA). Navia-Vasquez et al''>describe an approach for Federated
Logistic Regression.

Most important, many Al algorithms can run in FL mode, making them more accurate
because they are based on more voluminous and diverse data. This increases the scope
for Multi- Institutional/Multi-city collaborations. Dashboards augmented with these
algorithms’ can aid key organizational decision-makers to identify trends (including
epidemiological), communicate vital information and monitor performance against
strategic goals. Better information through technology-assisted developments would
aid WHO, UNICEF and other such organizations counter/eliminate the scourge of TB
worldwide. While FL works around institutional barriers, one pays a cost in
computational speed, which is limited by Internet bandwidth. In almost all cases, this
tradeoff is worthwhile.

Quantum Technology

“Quantum” technology refers to a highly diverse set of technologies that leverage
“quantum mechanics”, the physics of sub-atomic particles. Some of these are
established, such as scanning tunneling microscopy and photo-ionization ¢, while
others are still largely theoretical, or in the prototype stage. Quantum Computers and
Quantum microscopes, new quantum repeaters enabling a scalable super secure

Quantum Internet [distance will no longer be a hindrance, not just IOT but “Intelligent
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Edge’ devices commonplace!’]; will give a quantum boost to Medical Imaging/ other
health-care Algorithms / strategies, including in other related fields, improving
healthcare in ways beyond the realm of dreams.

We briefly introduce two:

Quantum Entanglement Microscopy

54.2

Quantum entanglement (QE) occurs when a group of particles are generated and
interact with each other so that each particle’s sub-atomic (i.e., quantum) state cannot be
described independently of the others’ state. Originally postulated in 1935 by Einstein,
Podolsky, and Rosen, it led to seemingly bizarre predictions if true. For example, if one
particle encountered an object (e.g., a bacterium), the other particles would reflect this
interaction instantaneously - even if the particles were at opposite ends of the universe,
violating General Relativity’s prediction that faster-than-light interactions are
impossible. Such predictions led Einstein to believe that Quantum Theory was
erroneous: however, QE was demonstrated experimentally almost eight decades later.
With QE using confocal “differential interference contrast,” standard microscopy
wavelengths, e.g., visible light or ultraviolet (UV), provides much higher resolution than
without QE, demonstrated by Ono et al 8. QE achieves such detail using much less
light (useflb for light-sensitive micro-organisms or living tissues when UV is
employed). A quantum optical counterpart has been developed to the classical Fourier-
transform infrared (FTIR) spectrometer!®. "Quantum ghost imaging" produced_the
world's first 2D image captured and reconstructed using asynchronous detection. Ghost
imaging is well suited to biological and medical applications, in which light-sensitive
cell samples can be observed over a long period because the new processes use less
light'?°. QE microscopy may thus impact TB research and diagnosis.

Quantum Computing

Quantum computing (QC) relies on the possibility of keeping a collection of “qubits”
(quantum bits) stable long enough to perform computations with. While a bit (the
smallest unit of information in a traditional computer, 1 Byte = 8 bits) can be either 1 or

0, a qubit can be both 1 and 0 simultaneously: thus, 32 qubits can represent 232 =4




billion possibilities. Conceived by Nobelist Richard Feynman, QC’s theoretical
foundations were strengthened after Peter Shor’s work (“Shor’s Algorithm 12I) showed
that QC could achieve exponential speedup for extremely compute-intensive problems
like factorizing the product of two large prime numbers, the basis of RSA ( = Rivest,
Shamir, Adelman ) encryption. Building a practical Quantum Computer, however, is
challenging. Qubits are most stable at very low temperatures (e.g., 0.025 Kelvin), and
most Qubits in a computer perform error correction rather than computation. However,
QC is showing remarkable progress - entangling qubits that could improve error
correction in quantum computing!2, creation of a third state to qubits, to create ‘qutrits’
that allow more information to be encoded in a single element and decrease readout
errors significantly'®, development of a high-performance source of "squeezed light"
used to transmit information in optical quantum computing; all signify a quantum leap
in the technology; with thﬂst being a paradigm shift'?*- Optical Quantum computers
can now be expected to run at room temperature, without the expensive cooling
equipment needed for other quantum computers that use superconductors.

A recent simulated quantum algorithm by Case Western Reserve University and
Microsoft scientists (it would have required a quantum computer with 1 million
computing qubits) addressed Magnetic Resonance Fingerprinting (MRF) 2. MRF goes
beyond MRI in identifying signatures from individual tissues simultaneously.

If QC’s hardware challenges are solved (there is no clear-cut timeline for this) the
impact on general computing, including Al-deep learning, under the hood, performing
mathematical optimization-could be extraordinary. Almost all aspects of healthcare
ﬁ)uld benefit: TB diagnosis and disease modeling would definitely be a part of it. As
quantum computers are also ideally suited for solving complex optimization tasks and
performing fast searches of unsorted data, this could be relevant for many applications
in healthcare related to TB; medical imaging, epidemiological simulations, dashboard
creation, holistic algorithm creation, targeted policy making, to a host of other
applications; including the realm of Quantum Artificial Intelligence, which offers

unlimited possibilities, including many presently undreamable /unthinkable




ones. Researchers have now suggested that neuromorphic or brainlike computers built
using memristors (these resemble neuronal synapsis) would perform well at running
neural networks!?®. Scientists in Austria and Italy have already developed a quantum
version of the memristor that they suggest could lead to ‘quantum neuromorphic
computers’, which in turn could lead to an exponential growth in performance, in an
ML approach known as ‘reservoir computing “that excels at learning quickly; and may
have a quantum advantage over classical reservoir computing, due to the fact that the
memristor, unlike any other quantum component has memory!%’.

Thus the Future looks great for QC (including QC based Al) contributing phenomenally
to Medical Imaging and overall Healthcare as well. We can merely speculate at the
potential applications of this yet “Work in Progress’ technology. The spectacular jump in
overall computing power will enable hitherto unimaginable tasks to be done in a “jiffy”’
and thus enable more complex tasks to be thought of. Quantum Artificial Intelligence
Algorithms and the like will be something to look forward to. As and when QC evolves
the Metaverse will give a more immersive experience both for teaching/ simulation and
during actual interactions; by giving visualizations/viewpoints that would otherwise
not have been possible; with Augmented Reality / Virtual reality (especially for
teaching/ simulations etc) offering tremendous potential for Medical Imaging in TB,
community involvement, amongst other applications; to enable better compliance of TB

guidelines and norms (refer 5.2 above).

CONCLUSION

Summary and Conclusions
While we have discussed numerous technologies, which operate at scales ranging from
the subatomic to human populations, the primary challenge for employing these to
eliminate the scourge of TB is integrating them into a holistic approach. For example,
Al cannot operate in a vacuum; it needs large volumes of data at the patient and
population level: incorporating data also from novel imaging modalities, or from

translational applications of bench-science research (e.g., detection of resistance




mutations through PCR, augmented optionally by CRISPR), will make it much more
useful. The integration must be guided by policies developed by the coordinated
actions of international consortia (including bodies like WHO, Big Pharma, national
health ministries, philanthropists, efc.) that make use of diverse expertise around the
globe, including those available through leading-edge technologies.

Below, we provide an outline for the implementation of such policies.

Prevention: in addition to current standard practices (besides the usual methods,
nutrition, social norms etc.

Screening of vulnerable contacts/ populations.

Screening for, and correction of nutritional deficiencies, including vitamin D.

Early diagnosis utilizing newer techniques/ technological developments:

e.g., Gene-Xpert, TB QUICK efc., for both ‘regular TB" and MDR/XDR TB, including
extrapulmonary samples.

Effective treatment, especially for MDR/XDR TB [ including addition of recent drugs,
shorter duration regimen (for better compliance) | + vitamin D for better healing as well
as complimenting the action of various anti-TB drugs.

Effective monitoring including long term follow up coupled with development of large
epidemiological data banks and dashboards that summarize the data therein to
facilitate timely decision-making.

Enhanced Computing Infrastructure to facilitate all the above, from optimized data
gathering, to more sophisticated algorithms, to more powerful hardware architectures.
The following is a useful acronym for the strategies we believe are vital to help us
achieve the various targets set by the international health community for elimination of
TB.

TB - REVISITED

Regular Screening / Remote patient monitoring
Early Diagnosis
Vitamin D levels/ supplementation

Imaging & Investigations




Set up a Holistic Approach (Clinical /Imaging/Bacteriological)
Intelligent comprehensive Holistic Al algorithms (+ wisdom vs knowledge)
Technology - CBNAAT (GenXpert etfc.) / National - Global Dashboards
Ensure a Global approach / Edge Computing
Do not delay the diagnosis of MDR-TB
We believe that effective strategy implementation can help alleviate the suffering of

millions of underprivileged citizens of the world.
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