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Abstract

With its exquisite anatomical resolution and wide-ranging functional imaging capabilities, 

magnetic resonance imaging (MRI) has found multiple applications in detection, staging, and 

monitoring treatment response in cancer. The metabolic information provided by magnetic 

resonance spectroscopy (MRS) is being actively investigated to complement MRI parameters, as 

well as existing biomarkers, in cancer detection and in monitoring response to treatment. Located 

at the interface of detection and therapy, theranostic imaging is a rapidly expanding new field that 

is showing significant promise for precision medicine of cancer. Innovations in the development of 

novel nanoparticles decorated with imaging reporters that can be used to deliver therapeutic cargo 

to specific cells and environments have provided new roles for MRI and MRS in theranostic 

imaging.

Introduction

The recent emphasis on precision medicine strongly resonates in cancer treatment where 

conventional treatments can inflict significant collateral damage. Although significant 

inroads are being made with targeted treatments using antibodies against HER21 or 

epidermal growth factor receptor (EGFR)2 or pharmacological agents that disrupt specific 

pathways (e.g., PI3K/Akt2-3 and mitogen-activated protein kinase (MAPK) inhibitors4), 

treatments that target only tumors with minimal impact on normal tissues continue to be an 

exception rather than the norm.

Tumors represent a complex ecosystem with cancer cells enmeshed in an extracellular 

matrix that contains stromal cells such as fibroblasts, immune cells, blood vessels, and 

endothelial cells5 that are collectively termed the tumor microenvironment (TME). 

Components of the TME are frequently co-opted by cancer cells to survive, invade and form 

distant metastasis 6. Abnormalities in vasculature, lymphatics, and metabolism create 
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heterogeneities in hypoxia, interstitial pressure and acidic microenvironments 7 that 

continually change, highlighting the importance of using noninvasive imaging to follow 

these dynamics 8. Importantly, both cancer cells and the TME can be exploited for 

theranostic strategies 9 by incorporating imaging reporters within the carrier to detect the 

target of interest, and ascertain that the carrier with the therapeutic payload is at the target of 

interest and has cleared from normal tissue, before activating the therapy (schematic in 

Figure 1). Such imaging-based theranostic strategies provide tangible hope for cancer 

precision medicine. In addition, the functional imaging abilities of MRI and MRS 10 can be 

integrated into evaluating the response of the tumor to treatment.

Here we have presented examples of recent advances in the applications of MRI/S in cancer 

theranostic imaging strategies. These examples include non-targeted and targeted strategies, 

as well as strategies to specifically trigger the release of a drug within the tumor tissue. 

Examples are also provided to demonstrate the use of MRS and MRSI to evaluate treatment 

efficacy. These examples illustrate the increasing importance of MRI and MRS in 

theranostics that, with the ease of clinical translatability of MR techniques, are likely to find 

translation to human applications.

A. Non-targeted theranostic strategies

The increased permeability of tumor vasculature results in an enhanced permeability and 

retention (EPR) effect 11 that can be used to effectively deliver non-targeted nanoparticles of 

∼ 5-100 nm in size to tumors through prolonged circulation. Most nanoparticles used for 

theranostics typically fall within this range and achieve prolonged circulation by avoiding 

rapid renal and hepatic clearance.12 Non-targeted passive EPR-based tumor delivery was 

demonstrated in a theranostic approach that combined the delivery of small interfering RNA 

(siRNA) with a prodrug enzyme.13 The siRNA was directed against choline kinase, an 

enzyme overexpressed in cancer cells that phosphorylates free choline to phosphocholine. 

The pro-drug enzyme, bacterial cytosine deaminase (bCD), converted the non-toxic prodrug 

5-fluorocytosine (5-FC) to cytotoxic 5-fluorouracil (5-FU). The nanoplex was labeled with 

gadolinium for MR imaging.14 By combining both therapeutic approaches into a single 

treatment, selective targeting of cancer cells was amplified while minimizing damages to 

normal tissue. Quantitative T1 imaging was used to detect tumor delivery of the nanoplex 

(Figures 2A-B) and normal tissue clearance to time 5-FC administration, and 1H and 19F 

MRS were used to detect choline kinase down-regulation through the decrease of total 

choline in 1H MRSI and to measure the conversion of 5-FC into 5-FU in 19F MR spectra. 

Combined siRNA-prodrug enzyme treatment achieved higher tumor growth delay compared 

to either treatment alone in an orthotopic triple negative MDA-MB-231 human breast cancer 

model. 13, 14

More recently, self-assembled gemcitabine-gadolinium nanoparticles were evaluated in the 

MDA-MB-231 model.15 These nanoparticles, formed by supramolecular assembly, 

combined the anticancer drug gemcitabine-5-monosphosphate for therapy with gadolinium 

for MR imaging. Efficient delivery of the particles was detected in vivo by MRI resulting in 

a significant reduction of tumor growth.15 Tumor growth control improved with the 

nanoparticle compared to administration of gemcitabine-5-monosphosphate alone.
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B. Targeted theranostic strategies

While the EPR effect can be successfully used to deliver particles to the tumor, it is a passive 

mechanism that may lead to a heterogeneous delivery and to accumulation of particles in 

other organs, especially at inflammatory sites that could induce side effects. Active targeting 

of nanoparticles to specific cancer cell surface markers can improve their delivery and 

retention within the tumor to additionally minimize toxicity in normal tissues. New therapies 

specifically targeted to cancer cell surface markers are being developed, with different types 

of targeting moieties, such as antibodies, receptor antagonists, or peptides.

1. Prostate specific membrane antigen—PSMA is a type II integral membrane 

protein that has abundant expression on the surface of prostate carcinomas, particularly in 

androgen-independent, advanced and metastatic disease 16, making it an attractive target to 

image prostate cancer. High-affinity, gadolinium-based PSMA-targeted MR contrast agents 

have recently been developed to detect PSMA with MRI.17 Higher uptake of PSMA targeted 

particle was detected in PSMA overexpressing PC3-PIP human prostate cancer xenografts 

compared to isogenic low PSMA expressing PC3-Flu human prostate cancer xenografts, 

while there was no difference observed with non-targeted particle.17 The PSMA targeting 

moiety has been used in separate studies in combination with the bCD-siRNA nanoplex 

described earlier to achieve PSMA specific delivery of siRNA or cDNA in combination with 

a prodrug enzyme in vivo 18 for theranostic imaging of prostate cancer. 18a

2. Interleukin 1 receptor—The interleukin 1 (IL1) receptor has been utilized for reducing 

brain edema in a glioblastoma model. Since edema is one of the most common 

complications of malignant brain tumors, Shevtsov et al., demonstrated the efficacy of 

combining recombinant IL1 receptor antagonist (IL- 1Ra) to superparamagnetic iron oxide 

(SPIO) nanoparticles (SPIONs) to image and target peritumoral brain edema.19 In the study, 

IL-1Ra was conjugated to a superparamagnetic nanoparticle, to achieve tumor retention of 

the conjugate, without compromising its biologic activity, in the C6 glioma model. The 

particle was visualized from the negative contrast generated in the MR images, as shown in 

Figure 3. Retention of the magnetic nanoparticles was detected from hypointense zones in 

the RARE-T2-weighted images and in the FLASH images, as indicated by the red arrows 

(Figure 3A). The treatment significantly increased life span in comparison to non-treated or 

corticosteroid treated animals (Figure 3B). The anti-edema effect induced by the treatment 

was quantified by measuring peritumoral edema using diffusion-weighted imaging. The 

apparent diffusion coefficient (ADC) maps identified the presence of peritumoral edema in 

the SPION-injected rat, that was not detected in the SPION IL1Ra injected animal (Figure 

3C).19 This study demonstrated the theranostic potential of SPION-IL1Ra particles to image 

and target peritumoral brain edema.

3. Insulin-like growth factor 1 receptor—Another potential cell surface receptor 

incorporated in theranostic strategies is insulin-like growth factor 1 receptor (IGFR1). 

Expressed by both cancer cells and stromal cells in pancreatic cancer, IGFR1 can be used to 

improve the delivery and retention of theranostic particles.20 Zhou et al., synthesized IGFR1 

targeted-iron oxide nanoparticles (IONP) that are biocompatible, biodegradable, and 

characterized by a strong T2 effect, visible in T2 and T2*-weighted MRI (Figures 4A-C). 
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The study was performed on patient derived pancreatic cancer xenografts (PDX) implanted 

in nude mice. For therapeutic purpose, the particles were loaded with doxorubicin (DOX). 

The purpose of targeting the particles to IGFR1 expressing cells was to limit DOX 

cardiotoxic effects by achieving cancer cell-specific delivery of DOX-loaded nanoparticles 

to avoid systemic toxicity. IGF1-IONP induced a stronger reduction of signal intensity in the 

tumor, compared to non-targeted IONP (Figures 4A-C). Moreover, the IGF1-IONP-DOX 

particles induced a greater reduction of tumor growth compared to the non-targeted IONP-

DOX particles and DOX alone (Figure 4C-D). The study confirmed the potential of using 

MRI to evaluate targeted particles delivery and to assess the therapeutic efficacy through 

change in tumor size in these PDX models.20

4. Folic acid receptor—The folic acid receptor is a single-chain glycoprotein that is 

highly overexpressed by multiple malignant tumors, including ovarian cancer, and as a 

consequence has been exploited for specific targeting of cancer cells since most healthy 

tissues have low expression of this receptor.21 Zhang et al., developed a folic acid-targeted 

Fe3O4 nanoparticle that generated negative contrast in T2-weighted MR images. The 

particles were tested in an intraperitoneal SK-OV-3 human ovarian cancer xenograft model.
21 The nanoparticles bound specifically in vitro to folic acid receptors overexpressing SK-

OV-3 human ovarian cancer cells without inducing cytotoxicity. In vivo, localization of the 

particles in intraperitoneal SK-OV-3 ovarian cancer xenografts was observed. Tumor 

detection was improved by using folic acid-targeted Fe3O4 nanoparticles compared to the 

non-targeted particles. These nanoparticles have the potential to be used as multifunctional 

nanoprobes for the diagnosis and treatment of ovarian cancer.21 In another study, Vu-Quang 

et al., synthesized a PLGA-PEG-Folate nanoparticle loaded with DOX, ICG (indocyanine 

green) and PFOB (perfluorooctylbromide) for therapy, optical near infrared (NIR) imaging 

and 19F MR imaging respectively, offering a platform for diagnosis and therapeutic 

applications.22 The folate targeted particles showed higher optical and MR signals in a 

subcutaneous nasopharyngeal epidermal carcinoma (KB) human cancer xenograft implanted 

in nude BALB/c mice than the non-targeted particles. Their study highlighted the 

importance of multimodality imaging reporters by demonstrating that NIR imaging may be 

needed as a supplement to 19F MRI for accurate diagnosis, due to the low signal to noise 

ratio obtained in vivo. The combination of the sensitivity of NIR imaging, the specificity of 
19F MRI and the anatomic resolution of 1H MRI are a promising strategy for in vivo 
diagnosis that, with the inclusion of DOX, combines therapy with diagnosis.22

C. Triggered drug release

The unique physiological TME of tumors with regions of hypoxia and acidic extracellular 

pH (pHe) or high degradative enzyme activities provide opportunities to design 

nanoparticles that release their content only in these environments, or through controlled 

activation to minimize damage to normal tissues 9. The release of the encapsulated drug can 

be triggered either by a physiological characteristic of the tumor, such as acidic pHe, 

cleavage by an enzyme 23, or by some external source of activation, such as ultrasound or 

light, specifically directed towards the tumor tissue after delivery of the particle. Imaging 

can be used to confirm the localization of the particle in the tumor prior to drug delivery 

activation.
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1. pH-responsive theranostic strategies—Due to poor perfusion and increased 

glycolytic activity, the TME is frequently characterized by an acidic pHe.24 This acidic pHe 

influences tumor progression and treatment outcome. As tumor-specific physiological 

characteristic, it can be used to specifically target drug delivery to the tumor tissue by 

synthesizing pH-responsive particles. Ma et al., developed a magnetic polymer nanocarrier 

that is responsive to acidic pH, loaded with DOX, and targeted to the folate receptor-α. The 

theranostic particle was tested in a subcutaneous experimental model of gastric cancer.25 

The iron oxide present in the particle allowed for MR detection. The poly(β-aminoester)s 

used in the particle present weakly basic character due to their tertiary amines, they are 

water soluble below pH 6.5 and non-soluble at neutral pH in water. The release of DOX was 

improved in acidic environment compared to neutral condition where only a slow sustained 

diffusion was observed. By targeting folate receptor-α, a membrane-bound protein 

overexpressed in various malignant tumors, the chemotherapeutic efficacy was improved and 

side effects on normal tissues were avoided. The particles localized specifically in the tumor 

and were efficiently internalized in the tumor cells through folate receptor-mediated 

endocytosis.25 Induction of apoptosis was observed both in vitro and in vivo with their 

particles, without causing side effects.

Another novel pH activated theranostic strategy was recently described by Wang et al., for 

the acidic pH responsive delivery of artemisinin.26 In these studies, dual therapy consisting 

of phototherapy in combination with the chemotherapy agent artemisinin was delivered with 

a dual metal-organic framework (d-MOF) nanoparticle that served as a T1-T2 MRI contrast 

agent and a fluorescent optical imaging agent. The inner core of the MOF nanoparticle 

served as a photothermal therapy agent that could be activated with NIR light once tumor 

delivery was established. The outer core was designed for pH-responsive degradation to 

release artemisinin. Careful in vitro and in vivo characterization of the MOF nanoparticle in 

HeLa cells and tumors demonstrated the feasibility of nanoparticle detection by T1 and T2-

weighted MRI and optical imaging, and the feasibility of combined photothermal therapy 

and chemotherapy in tumors with significant reduction of tumor volume compared to single 

treatments.26

2. Light-triggered drug release—Photothermal and photodynamic therapies are used to 

damage cancer cells using laser irradiation to generate heat or free radicals respectively at 

the tumor site.27 Photothermal agents convert light energy into heat, causing a rise of local 

temperature that consequently kills the cells in the area. Cao et al., developed a new 

magnetic nanoparticle that combines, within one system, chemotherapy, photothermal 

therapy and MRI for detection. The particle combined gadolinium-chelated silica 

nanospheres, DOX, and ICG in a poly diallyldimethylammonium chloride coating (PDC).27 

This coating was used to avoid quick release of the drug from the particle. FDA-approved 

ICG absorbs NIR light (700-1000 nm) to generate heat and damage cells. The particles were 

visible on T1-weighted images, as shown in MCF7 cells. In vitro, an accelerated release of 

DOX was demonstrated under acidic conditions, accompanied by a photothermal effect 

induced by laser irradiation that not only increased the release of DOX but also improved the 

therapeutic efficacy.27 Future in vivo studies with this nanoparticle are required to confirm 

the promising potential of this strategy.
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3. Pulsed low intensity non-focused US—The release of encapsulated drugs can be 

triggered by non-focused ultrasound (US), as shown by Rizzitelli et al.28 In their study, 

liposomes were developed that, when triggered by pulsed low intensity non-focused US, 

generated the release of the antitumor drug DOX and MRI contrast.28 Pulsed low intensity 

non-focused US are pulsed planar acoustic waves with intensity lower than 10 W/cm2 and 

US frequencies ranging from 20 kHz to 1-3 MHz.29 The release of DOX results from 

mechanical interaction between the acoustic waves and the particles. These nanocarriers 

were tested in a syngeneic breast tumor model, and the results showed that MRI was useful 

for both confirming the drug delivery and assessing the efficacy of the treatment. Tumor 

growth was delayed following treatment with the particle, and the tumor growth reduction 

was improved after exposure to pulsed low intensity non-focused US, compared to the group 

that received the particles without the pulsed low intensity non-focused US.28 To further 

improve treatment efficacy, two sequential pulsed US treatments are applied.29 The first 

releases the drug from the liposomes circulating in the tumor blood vessel, and the second 

increases the vessel permeability, facilitating the diffusion of the drug in the tumor stroma.29 

These modified liposomes were tested in a mammary carcinoma model in BALB/C mice 

using TS/A cells. MRI was used to measure the tumor growth and to assess the gadolinium-

loaded liposome delivery. This strategy improved the delivery of the drug, visualized by an 

increased concentration of gadolinium, and led to a total tumor regression.29

D. MR spectroscopy as a complementary tool for theranostic imaging

Despite sensitivity limitations, MRS and MRSI can be useful additions in theranostic 

approaches for diagnosis, and to assess the efficacy of the therapy by informing on tumor 

metabolism.

1. MRS/MRSI for diagnosis—MRS biomarkers can be used to better characterize tumor 

tissue and define tumor margins more precisely, as shown by Cordova et al. 30 Metabolic 

MRS maps were co-registered with surgical planning MR images and imported into a 

neuronavigation system to guide tissue sampling in glioblastoma patients who received 5-

aminolevulinic acid fluorescent-guided surgery (5-ALA FGS) (Figure 5). Figure 5A 

represents a MR anatomic image superimposed with total choline (Cho)/N-acetyl aspartate 

(NAA) ratio contours, shown as fold increase of the ratio compared to contralateral white 

matter. Immunohistochemistry staining of Sox2 (SRY(sex determining region Y)-box2) was 

used to assess tumor cell infiltration in the resected biopsy (Figure 5B). The study 

demonstrated that MRSI could complement conventional MRI to improve identification of 

tumor infiltration, and detect regions at high risk for recurrence.30 MRS allowed the 

identification of tumor tissue preoperatively based on metabolic perturbations, while 

fluorescent-guided surgery provided confirmation of infiltrating cells to direct tissue 

resection intra-operatively (Figure 5C). The study showed that integrating MRSI into 

therapy planning and response assessment in glioma could potentially improve the current 

standard of care for patients with glioma.30

2. Therapeutic assessment efficacy—MRS and MRSI can play important roles in 

theranostic strategies. For instance, 19F MRS was used to assess the activity of the prodrug 

enzyme bCD in the tumor after injection of the prodrug 5-FC, by following the conversion 
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of 5-FC to cytotoxic 5-FU non invasively (Figure 6A-B).13-14,18a 1H MRS and MRSI can 

also be applied to assess treatment efficacy if the therapeutic target affects metabolites that 

can be measured by 1H MRS. For example, total choline concentration can be measured in 
vivo, and by targeting the enzyme choline kinase with siRNA, the efficacy of siRNA-

mediated downregulation of choline kinase can be assessed through its effect on decreasing 

total choline as shown in Figures 6C-D.14, 18a

E. Metastatic disease

One major goal of theranostics is to target metastatic disease, as treatment options are 

extremely limited. Wang et al., recently developed a multiwalled carbon nanotubes coated 

with manganese oxide and PEG to diagnose and treat metastatic lymph nodes with T1-

weighted MRI and photothermal therapy respectively.31 These theranostic particles 

consisted of a therapeutic component, provided by the multiwalled carbon nanotubes that 

absorb light in the NIR region and convert it to heat, and an imaging component, provided 

by manganese that generated T1 contrast to allow MRI detection and guide the laser for 

photothermal therapy. In this study, A549 cancer cells were injected in the footpad of nude 

mice, inducing solid lesions in their popliteal fossa 2 months post injection. The study 

showed efficient treatment in sciatic and popliteal lymph nodes31, and demonstrated the 

potential of this theranostic strategy to treat metastatic disease.

Conclusion

MRI and MRS imaging capabilities are rapidly expanding beyond traditional anatomical and 

functional imaging, into molecular and theranostic imaging. This expansion is built upon 

some of the most innovative strategies in nanoparticle composition and development, 

together with advances in instrumentation and multimodality imaging systems such as PET-

MR scanners. The advantages and limitations of various nanomaterials are extensively 

reviewed by Gobbo et al32. The examples presented in the current review demonstrate the 

exciting potential of MRI and MRS based theranostics to achieve precision medicine in 

cancer. A major challenge for this field continues to be clinical translation. This will require 

a concerted effort to standardize nanoparticle synthesis and production to achieve safety and 

reproducibility under good manufacturing practice, to establish protocols for quantitative 

estimates of nanoparticle concentrations, and most importantly, to obtain support through 

federal agencies and industry for advancing the evaluation of nanoparticles in clinical trials.
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Figure 1. 
Schematic representation of theranostic imaging.
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Figure 2. 
(A) Representative in vivo T1-weighted MR images (top panel) and quantitative T1 maps 

(bottom panel) of a tumor pre- and post-injection of nanoplex (300 mg/kg, i.v.). (B) Time-

dependent mean T1 values of tumors pre- and post-injection of nanoplex; a significant 

decrease of T1 (P = 0.0023) was observed up to 48 h. Inset panel shows the T1 variation 

within the first 60 min of injection. Adapted with permission from 14
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Figure 3. 
C6 glioma targeting with SPION–IL-1Ra conjugates. (A) MRI of the C6 glioma 24 hours 

after i.v. injection of SPIONs or SPION–IL-1Ra conjugates. MR scans included RARE-T1, 

TurboRARE-T2, FLASH, and MSME sequences. (B) Kaplan-Meier survival curves for the 

control group and animals treated with BSA, dexamethasone, and SPION–IL-1Ra 

conjugates at 1.25 and 2.5 mg/kg of IL-1Ra. (C) DWIs and the corresponding ADC maps for 

the animals treated with SPION or SPION–IL-1Ra conjugates. Adapted with permission 

from 19
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Figure 4. 
Detection of targeted delivery of IGF1-IONPs by MRI and in vivo antitumor effect in an 

orthotopic pancreatic PDX tumor model. (A) Pre and post injection T2-weighted MR images 

with relative mean MRI signal intensities of the entire tumor. (B) Bar figure shows 

quantification of MRI signals in the tumor pre- and post injection of IONPs. Relative MRI 

signal was defined as the mean intensity of the tumor divided by the mean intensity of the 

muscle. *p < 0.0001. (C) T2-weighted MRI of treated mice confirmed the accumulation of 

IGF1-IONP-Dox in the tumor and tumor growth inhibition compared to both free Dox- and 

non-targeted IONP-Dox-treated tumors. Red numbers show the mean of relative MRI signal 

intensities of MRI image slices from the entire tumor. A 10.2% MRI signal decrease was 

detected in non-targeted IONP-Dox-treated tumor, while a 24.1% MRI signal decrease was 

seen in IGF1-IONP-Dox-treated tumor. (D) Tumor growth inhibition. The mean tumor 

weight (navy bar) and individual tumor weight distributions as color symbols after the 

treatment are shown. *p < 0.0001; **p < 0.0006; ***p < 0.005. Pink arrows indicate the 

location of pancreatic PDX-tumor lesions. Adapted with permission from 20.

Penet et al. Page 13

Top Magn Reson Imaging. Author manuscript; available in PMC 2018 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Procedure for tissue sampling and histological analysis using MRSI and 5-ALA FGS. (A) 

View of anatomical and metabolic data in neuronavigation station with total choline(Cho)/N-

acetyl-aspartate (NAA) ratio contours (yellow, 1.5-fold; green, 2-fold; orange, 5-fold; red, 

10-fold increases in Cho/NAA over normal contralateral white matter). The inset image 

shows the 3D reconstruction of the patient surface anatomy along with the navigation probe 

(blue). Color bar depicts fold changes. (B) Automated nuclear segmentation, digital 

unmixing (pictured), and nuclear classification using machine-learning techniques allowed 

the generation of a Sox2 density metric that was correlated with MRSI and ex vivo 
fluorescence signal. (HXN, hematoxylin). (C) The region of metabolic abnormality was 

identified using a stereotactic technique with a location-reporting probe, and fluorescence 

was visualized using intraoperative microscopy. (D) Tissue was sampled in a biopsy-like 

fashion before debulking, and fluorescence was measured ex vivo. Adapted with permission 

from 30.
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Figure 6. 
(A) In vivo 19F MRS demonstrated efficient conversion of prodrug 5-FC to 5-FU and its 

metabolites F-Nucl by nanoplex localized in MB-MDA-231 tumor. 5-FC was injected at 24 

h after nanoplex injection. Adapted with permission from 14. (B) In vivo 19F MR spectra 

acquired from a PC3-PIP tumor at 24 and 48 h after i.v. injection of the PSMA-targeted 

nanoplex carrying bCD and siRNA-Chk. Spectra were acquired after a combined i.v. and i.p. 

injection of 5-FC.18a (C) Representative in vivo tCho maps and color-coded tCho intensity 

acquired in MB-MDA-231 tumor 14. (D) In vivo tCho density maps from 2DCSI data sets 

acquired from a representative PC3-PIP tumor before and 48 h after i.v. injection of the 

PSMA-targeted nanoplex. Corresponding in vivo tCho maps from the same 2D CSI data 

sets. Representative one voxel spectra from the same 2D CSI (D) tCho concentration 

calculated in arbitrary units before and at 48 h after injection of the nanoplex. Adapted with 

permission from 18a.
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