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Abstract

Purpose—Lymphatic impairment is known to reduce quality of life in some of the most 

crippling diseases of the 21st century, including obesity, lymphedema, and cancer. However, the 

lymphatics are not nearly as well-understood as other bodily systems, largely owing to a lack of 

sensitive imaging technologies that can be applied using standard clinical equipment. Here, proton 

exchange-weighted MRI is translated to the lymphatics in patients with breast cancer treatment-

related lymphedema (BCRL).

Methods—Healthy volunteers (N=8) and BCRL patients (N=7) were scanned at 3T using 

customized structural MRI and amide proton transfer (APT) chemical exchange saturation transfer 

(CEST) MRI in sequence with the hypothesis that APT effects would be elevated in 

lymphedematous tissue. APT contrast, lymphedema stage, symptomatology, and histology 

information were evaluated.

Results—No significant difference between proton-weighted APT contrast in the right and left 

arms of healthy controls was observed. An increase in APT contrast in the affected arms of 

patients was found (P=0.025; Cohen’s d=2.4), and variability among patients was consistent with 

documented damage to lymphatics as quantified by lymphedema stage.
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Conclusions—APT CEST MRI may have relevance for evaluating lymphatic impairment in 

patients with BCRL, and may extend to other pathologies where lymphatic compromise is evident.
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Introduction

The lymphatic system is one of the most poorly understood and oftentimes overlooked 

bodily systems, yet is fundamental to a spectrum of devastating diseases, including 

infection, cancer, cancer-treatment morbidity, cardiovascular disease, and obesity (1). The 

ability to grow technologies that can be applied readily in clinical settings to evaluate 

lymphatic structure and function is likely fundamental to improving our understanding of 

the lymphatic system, identifying patients with early failure of compromised lymphatics, 

and ultimately titrating therapies that may prevent or delay complication onset.

The lymphatic system is part of the circulatory system and consists of a network of 

lymphatic vessels and nodes whose purpose is to maintain fluid balance, as well as to 

process and return capillary ultrafiltrate and plasma proteins back to the blood circulation. In 

most tissues, lymphatic capillaries remove arterial capillary fluid efflux that would 

otherwise accumulate in the interstitium (extracellular tissue). Once the fluid enters the 

lymphatic capillaries, it is referred to as lymphatic fluid and the fluid volume is referred to 

as the lymphatic load. The capillary ultrafiltrate is drained by lymphatic vessels, processed 

by lymphatic nodes, and returned to the blood circulation. When the lymphatic transport 

capacity (i.e., highest possible lymphatic flow per unit time) exceeds the lymphatic load, 

fluid balance is disrupted, protein-rich fluid accumulates in the interstitium, and 

macroscopic swelling, or lymphedema, results (2).

Lymphedema is one of the most frequent complications of breast cancer treatment, which 

often includes radiation and/or surgical resection of lymph nodes, and breast cancer 

treatment-related lymphedema (BCRL) specifically has a mean incidence of approximately 

30% (3). In patients with such secondary lymphedema, an inability of remaining lymphatic 

vessels and nodes not damaged by treatment to adequately process the lymphatic load, 

known as mechanical insufficiency, results in an accumulation of protein rich fluid in the 

dependent tissues leading to swelling of the involved arm and/or upper truncal quadrant 

(4-6).

Despite the high prevalence of BCRL and associated physical and quality of life issues for 

patients, there is no cure and therapeutic trials are limited. Identification of patients at 

increased risk for BCRL is currently not possible, yet identification of such patients could be 

used for titrating therapy regimes that could delay or reduce lymphedema severity. 

However, significant gaps in our knowledge remain regarding (i) how lymphatic functioning 

following cancer therapies, premorbid conditions (e.g., lymphatic structure, age and weight), 

and behavior modifications influence the development of BCRL and (ii) how emerging 

therapies impact lymphatic function and more specifically in which patients such therapies 

are required.
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Detection of early impairment and risk status followed by appropriate treatment intervention 

is likely crucial to reducing BCRL-related morbidity, as suggested in a recent study 

demonstrating that only 7% of patients receiving structured physical therapy (PT) develop 

BCRL in the first year, relative to 25% of PT-negative controls (7). However in practice, 

lymphedema prevention education and PT is inconsistently prescribed for patients owing to 

uncertainties regarding impact on prognosis and actual risk of BCRL. The fundamental 

barrier to understanding therapeutic efficacy and optimized treatment plans is that sensitive 

measures of lymphatic impairment, and thus objective trial end-points, remain 

underdeveloped. As such, clinical or research trials evaluating therapy impact on BCRL 

involve external limb measurements and extracellular fluid measurements (e.g., 

bioimpedance), which are helpful for quantifying general changes to fluid volume in the 

limb. However, these measurements are not designed to provide information on specific 

changes regarding lymphatic functioning of the arm and are unable to provide information 

about the involved upper truncal quadrant or bilateral arm involvement.

Interestingly, given the burden that lymphedema places on cancer survivors and health care 

systems (8,9), as well as the routine use of MRI for diagnostics, MRI techniques for 

assessing lymphatic structure and function are extremely limited (10-12). In BCRL, when 

cancer therapies disrupt the lymphatic system causing the lymphatic load to exceed the 

lymphatic transport capacity, protein accumulates in the interstitial space which left 

untreated will lead to protein-rich edema. It has not been possible to measure this protein 

accumulation using noninvasive imaging to date. MRI signal is almost always derived from 

protons on water molecules, however it is also possible to indirectly image labile protons 

associated with protein/peptide backbone constituents in very small concentrations using 

principles of chemical exchange. One of the most popular methods for sensitizing an MRI 

acquisition to labile protons is through chemical exchange saturation transfer (CEST), and 

specifically for amide protons resident on proteins and peptides, amide proton transfer 

(APT) imaging (13,14). Large field-of-view CEST APT MRI can be performed using 

standard equipment available at most hospitals and using commonplace imaging readouts 

optimized for structural and functional MRI. Chemical exchange information is obtained 

through saturation transfer of magnetization between amide protons (primarily on the 

peptide backbone; in vivo concentration = 70-100 mM) and the imaged water protons 

(concentration = 110 M). In CEST APT MRI, the contrast originates from amide (NH) 

protons resonating at 8.3 ppm in the proton spectrum (+3.5 ppm from water) (15). Over a 

physiological range of temperature constant pH, the exchange rate is primarily driven by the 

NH concentration. As NH groups are prominent on the peptide backbone, CEST APT 

contrast increases for increasing peptide concentration as has been demonstrated in a large 

amount of ex vivo and in vivo data (11,16,17).

Here, we apply APT CEST MRI for the first time in patients with BCRL with the overall 

hypothesis that elevated interstitial protein accumulation will lead to an enhancement of the 

APT effect in a manner that depends spatially on limb involvement and extent of 

lymphedema severity, and this contrast may be detectible even before clinical signs of 

swelling exist. The long-term goal of this work is to demonstrate abilities to accurately 

record structural and functional observables of lymphatic dysfunction, derived from 
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noninvasive MRI equipment available at most hospitals, which can serve as trial end points 

for future rigorous, randomized clinical trials of lymphedema management therapies.

Methods

Volunteer demographics and ethical considerations

All subjects provided informed, written consent for this HIPAA and IRB-approved study. 

Healthy controls (N=8; age range=32-67 yrs) and patients with BCRL (Table 1; N=7; age 

range=52-76 yrs) were scanned at 3T (Philips, Best, The Netherlands) using dual-channel 

radiofrequency (RF) transmit and 16-channel torso coil (Torso XL) receive. Cancer 

treatment-related implants including breast implants, ports, and tissue expanders were 

screened by a board-certified radiologist when appropriate to ensure MRI safety.

Inclusion criteria for patients was BCRL (Stage 0-2) and lymph node resection. Only 

patients in Stage 0-2 were included as the motivation is to identify subtle microstructural 

changes that may precede clinical signs of lymphedema and disease progression. Additional 

patient information including circumferential arm measurements, medication regimen, 

duration since surgery, presence and duration of radiation therapy, number of lymph nodes 

removed during resection, breast reconstruction surgery, and handedness were all recorded. 

All patient information was obtained and interpreted by a certified lymphedema physical 

therapist.

Experiment

In CEST MRI, information regarding protein concentration can be inferred by saturating 

exchangeable protons on the peptide backbone (here, amide protons resonating at +3.5 ppm 

from the water resonance), which exchange with water and attenuate the detectable water 

signal. CEST scanning was performed with a 3D gradient echo with multi-shot echo planar 

imaging (factor = 7), TR/TE = 166/6.6 ms, slices = 20, spatial resolution = 3 × 3 × 10 mm3 

(anterior-posterior, right-left, foot-head). CEST preparation was performed by applying a 

single, Gaussian windowed sinc saturation pulse with peak B1 = 1 μT and duration=75 ms at 

offset frequencies, Δω = −6 − +6 ppm with 0.25 ppm spacing with an additional 5 images 

obtained at ±80 ppm for CEST z-spectra normalization, similar to a previous clinical 

protocol optimized for brain tissue (18).

Structural scans were used to guide the placement of CEST imaging volume (Fig. 1), which 

spanned approximately 20 cm in the craniocaudal direction. A Diffusion-Weighted Imaging 

with Background Suppression (DWIBS) scan was utilized with scan parameters: spatial 

resolution=3×3×5 mm; b-value=800 s/mm2; TR/TE/TI=8037/49.8/260 ms. The DWIBS 

scan suppresses static tissue signal by nulling the longitudinal component of the tissue 

magnetization following inversion recovery and enhances lymph node contrast by exploiting 

diffusion weighting, which sensitizes the contrast to tissue of different cellular density (19). 

The resulting image provides high contrast between lymph nodes and surrounding tissue. 

T2*-weighted modified DIXON scanning was applied for structural tissue characterization 

and localization with scan parameters: 3D gradient echo, TR=3.4 ms, spatial 

resolution=1.0×1.3×3.0 mm. A B1 map was obtained (T1-weighted turbo gradient echo) 
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with TR1/TR2=30/100 ms and identical spatial coverage and field of view as the CEST 

scans. In a subgroup of volunteers, high spatial resolution T2-weighted (spectral adiabatic 

inversion recovery fat suppression, turbo spin echo; TR=3500 ms; TE=60 ms; spatial 

resolution = 0.4×0.5×5 mm) MRI was acquired.

Imaging analysis

For CEST analysis, each RF offset of the CEST spectra was corrected for motion using a 3D 

six degree-of-freedom rigid body transformation. Post-processing proceeded using 

previously published routines (18). Briefly, for each voxel signal, S(Δω), was normalized to 

the average signal obtained at ± 80 ppm (S0) to generate a CEST z-spectrum. Next, to 

correct for B0 inhomogeneity, a single Lorentzian lineshape (20) was fit to the CEST z-

spectrum; the frequency offset corresponding to the Lorentzian minimum (Δω0) was found 

and the z-spectrum was shifted such that Δω0 = 0 ppm, analogous to the Water Saturation 

Shift Referencing (WASSR) approach (21). From the shifted z-spectrum, two indices were 

calculated. First, the standard APT asymmetry (APTA) was determined as the difference 

between the normalized signals obtained at negative and positive offset frequencies, 

S(−Δω)/S0 and S(+Δω)/S0, respectively:

[1]

Secondly, the difference between the Lorentzian fit and the data for all voxels was 

calculated, which was designated APTL:

[2]

where L denotes the Lorentzian fit to the data. For both the APTA and APTL, the focus was 

on the values obtained between +3.75 − +3.25 ppm and −3.25 − −3.75 ppm, which reflect 

primarily the CEST effect between amide and water protons. The advantage of the APTL is 

that it is less sensitive to asymmetric contributions on the opposite (−ppm) side of the z-

spectrum which could arise from lipid or exchange-mediated nuclear overhauser effects and 

magnetization transfer effects (22-25) which may confound APT asymmetry. Both APTA 

and APTL parameters were compared in this study. Finally, B1 was calculated (26) from the 

B1 maps in medial right and left arm regions (Fig. 1).

Statistics

The primary statistical objective of this study was to assess the size of the APT effect in the 

affected and contralateral arms of BCRL patients and to contrast these values with 

asymmetry values observed in the right and left arms of age-matched control volunteers. A 

secondary aim was to assess whether variability in APT effect size could be explained by the 

extent of lymphatic compromise as quantified by clinical lymphedema stage. Descriptive 

statistics, including means, standard deviations, and ranges for continuous parameters, as 

well as percent and frequency for categorical parameters, were evaluated. Investigations for 
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outliers and assumptions for statistical analysis, e.g., normality and homoscedasticity were 

also made. To test the primary statistical objective, a t-test and non-parametric Kruskal-

Wallis test was applied between (i) the Lorentzian asymmetry values in patients and 

controls, (ii) APT effect sizes in the right versus left arms of controls or the affected versus 

contralateral arms of patients, and (iii) measured B1 in right and left arms. Further, to 

understand asymmetry between limbs, Pearson’s moment coefficient of skewness was 

calculated, which provides a measure of the asymmetry of the probability distribution of the 

APT effect size about its mean. As the sample size was modest, Cohen’s d (standardized 

difference between means) was also calculated. Cohen’s d was calculated separately for the 

APTL values for all lymphedematous arms and non-lymphedematous arms, as well for the 

ratio of the right/left APTL value in patients versus ratio of the lymphedematous/

contralateral APTL in patients. To test the secondary objective, the APT effect size was 

compared with the lymphedema stage of patients. P < 0.05 was defined as significant for t-

tests and Kruskal-Wallis tests. For Cohen’s d, small, medium, and large effect sizes were 

delineated using the convention Cohen’s d = 0.2, 0.5, and 0.8, respectively.

Study approval

All subjects provided informed, written consent in accordance with the Vanderbilt 

University Institutional Review Board (IRB #111116).

Results

Fig. 1 shows the approximate location of the APT CEST slice placement relative to both a 

T2-weighted structural scan (Fig. 1A), representative field map data (Fig. 1B), and the 

location of the axillary lymph nodes as demarcated on the DWIBS scan (Fig. 1C). High-

spatial resolution imaging of axillary lymph nodes is included in Fig. 1D. The spatial 

coverage of the CEST scans (approximately identical to that of the T2-weighted structural 

scan in Fig. 1A) is centered on the axillary lymph nodes and spans 100 mm in the 

craniocaudal direction. As there was a concern that B1 would vary over this range, B1 maps 

were obtained and highlight consistency in B1 between medial portions of right and left 

arms, which are the regions of known interstitial protein accumulation and the regions of 

interest for this study. If B1 was found to vary by more than two standard deviations from 

the ROI mean in any control, these regions were excluded from analyses. No mean B1 

difference between right and left arms of volunteers (P = 0.48); right/left B1 (mean ± std) = 

1.03 ± 0.14 was found. B1 was found to be most symmetric between arms when the arms 

were placed on the chest rather than at the patients’ sides. Position was controlled by 

supporting the proximal upper arms with a towel roll and Velcro™ straps around the torso 

coil. In Fig. 1B, the region-of-interest (ROI) is also shown (white; bottom right panel). The 

ROI includes both medial arms, and care was taken to avoid surrounding bones of the arm, 

shoulder, and chest wall. Tissue of the medial upper arm regions was not removed by 

resection in patients.

Fig. 2 outlines the mechanism of the APT CEST effect (Fig. 2A) and also shows the B0-

corrected mean z-spectrum data (square markers) for the right (Fig. 2B) and left (Fig. 2C) 

arms of the control volunteers, along with the Lorentzian fit (solid line). Note the relative 
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symmetry in APT effects between right and left arms, however the height of the z-spectrum 

does vary slightly, which is consistent with small differences in B1 between the right and left 

arm. For this reason, we applied a Lorentzian fitting approach that accounts for voxel-wise 

differences in B1. The relationship between the typical asymmetry approach (e.g., 

comparing the +ppm and –ppm APT data) and the Lorentzian approach (e.g., comparing the 

+3.75 − +3.25 ppm data to the Lorentzian fit at the −3.75 − −3.25 ppm data) are shown in 

Fig. 2D for each subject (right and left side data plotted as separate points). These two 

measurements correlate significantly on average (N=16; R=0.63; P=0.005), however there is 

approximately a two-fold increase in the variability of the APTA measures relative to APTL, 

which was attributed to variations on the –ppm of the z-spectrum, consistent with 

asymmetric magnetization transfer (MT), nuclear overhauser effects, and/or noise. Fig. 2E 
shows representative APTL maps for the central slices of a control volunteer, displaying the 

typical range in APTL between healthy right and left arms.

Fig. 3 shows the magnitude of the APT effect in right and left arms of control subjects (Fig. 
3A) and individual subject line plots (Fig. 3B). In Fig. 3C and Fig. 3D, the same analysis is 

shown for the affected and contralateral arms of BCRL patients. A summary of clinical 

information on the patients is presented in Table 2. Both a two-tailed t-test and Kruskal-

Wallis test revealed no significant difference between APTL or APTA in the right and left 

arms of healthy controls (P>0.05), but an increase in APTL (T-test P=0.033; Kruskwal-

Wallis P=0.025) in the affected arms of patients. Fig. 3E shows the APTL asymmetry (e.g., 

difference between APTL in affected and contralateral arms of patients or right and left arms 

of controls). As can be seen, a strong trend on average is found in the patients relative to the 

controls, however patient data also have added variability. The skewness (third central 

moment of asymmetry values, Fig. 3E, divided by the cube of the standard deviation) was 

elevated for patients (0.88) relative to controls (0.34). Cohen’s d revealed a large effect size 

when considering both the magnitude of the APTL value in lymphedematous arms to APTL 

in all other other arms (Cohen’s d = 2.4) and also between the ratio of lymphedematous/

contralateral APTL and ratio of right/left APTL in controls volunteers (Cohen’s d = 1.1). To 

better understand variability in patient contrast, we considered potential contributing clinical 

factors.

Fig. 4A shows APTL maps from two central slices for Patient 1 (Table 2). Patient 1 is a 

right hand dominant 42 yo/F with stage 0 (subclinical) lymphedema on the left and stage 2 

lymphedema on the right. Her pertinent history includes chemotherapy and left sided 

mastectomy, axillary dissection removing 12 lymph nodes and reconstructive surgery 

following left sided breast cancer 11 years prior to participating in this study, followed by a 

right simple mastectomy with one sentinel lymph node biopsy due to right sided breast 

cancer 3.5 years prior to the CEST scan. She is currently taking Tamoxifen for hormone 

therapy. APTL asymmetry between the medial portion of the lymphedematous arm and 

contralateral arm is observed, which manifests as a larger signal attenuation in the +3.75 − 

+3.25 ppm range on the z-spectrum.

Fig. 4B shows APTL maps for Patient 3 (Table 2). Patient 3 is a right hand dominant 76 

yo/F with right-sided stage 1 lymphedema who underwent right total mastectomy and 

axillary lymphadenectomy (resecting 16 axillary lymph nodes) followed by chemotherapy 
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and radiation 7.5 years prior to participating in this study. She is currently taking Arimidex. 

Similar to Patient 1, APTL asymmetry between the internal portion of the lymphedematous 

arm and contralateral arm is observed.

Fig. 4C shows APTL maps for Patient 4. Patient 4 is a right hand dominant 46 yo/F with 

subclinical lymphedema six months after undergoing chemotherapy and a right total 

mastectomy with reconstruction, sentinel lymph node biopsy followed by axillary 

lymphadenectomy resecting a total of 24 axillary lymph nodes. Similar to Patients 1 and 3, 

this patient also demonstrates asymmetric APTL between limbs relative to controls, but did 

not meet clinical criteria (Table 1) for stage 1 lymphedema. However, the large number of 

24 nodes removed placed this patient at high risk of BCRL, and evidence of protein 

accumulation is seen in the APTL images. At one-year follow-up this patient progressed to 

Stage 1 lymphedema.

Finally, Fig. 5 shows the relationship between the APT effect size and the category of 

volunteer (healthy controls, and Stage 0-2 BCRL patients). In this analysis, patient arms 

with lymph nodes removed but who did not meet clinical criteria for BCRL (Table 1) were 

categorized as Stage 0. A trend for increasing APT effect size with more advanced 

impairment is observed. Formal statistical tests were not performed on these data owing to 

the relatively small sample size per group; therefore, these data support, but do not confirm, 

that APT contrast may increase with increasing BCRL stage.

Discussion

In terms of medical research, the lymphatic system is one of the most neglected bodily 

systems relative to its role in disease, which has resulted in an incomplete understanding of 

lymphatic functioning in health and disease. The purpose of this study was to evaluate for 

the first time whether noninvasive CEST MRI, which has demonstrated clinical potential in 

brain (27,28), liver (29), head/neck (30), and breast applications (31), can be translated to 

the human lymphatic system to identify known lymphatic dysfunction following breast 

cancer treatment. Relative to healthy controls, increased APT asymmetry between healthy 

and lymphedematous arms was observed in patients with BCRL, and furthermore a trend for 

a relationship between APTL effect size and lymphedema stage was found. These data 

provide justification for further investigation of APT CEST in BCRL patients including the 

at-risk population and other patients where there is potential for lymphatic compromise. The 

long-term goal of this work is to demonstrate abilities to accurately record structural and 

functional observables of lymphatic dysfunction, derived from noninvasive MRI equipment 

available at most hospitals, which can serve as trial end points for randomized clinical trials 

of lymphedema prevention and management therapies.

Overview of lymphatic vessel anatomy

The lymphatic system plays a crucial role for maintaining fluid balance, nutritional function, 

and host defense. It is useful to understand the most salient aspects of the lymphatic 

vasculature prior to considering the relevance of existing MRI approaches for assessing 

lymphatic function. A detailed review of lymphatic functionality can be found in the 

literature (2). Briefly, lymphatic vessels, or lymphatics, can be differentiated into lymph 
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capillaries, precollectors, collectors, and trunks. Lymph capillaries originate near blood 

capillaries in the interstitium and absorb macromolecules through open junctions in lymph 

capillary endothelial cells. Open junctions permit fluid entrance into the lymph capillaries 

when the interstitial pressure changes due to elevations in blood capillary filtrate. Capillary 

filtrate constitutes protein rich fluid that enters the interstitium from the arterial capillaries. 

Semi-elastic fibers, or anchoring filaments, which connect the lymph capillaries to the 

surrounding connective tissue, respond to changes in interstitial pressure causing junctions 

of lymph capillaries to open and the protein-rich capillary filtrate to enter the lymphatic 

capillaries from the interstitium. Lymph precollectors join the lymph capillaries and lymph 

collectors, or larger lymphatic vessels (0.1-0.6 mm in diameter), and function to transport 

lymph fluid from the lymphatic capillaries to the lymph collectors. Lymph collectors 

subsequently transport lymphatic fluid to the lymph nodes and lymphatic trunks. The lymph 

collectors contain valves that ensure the unidirectional flow of fluid, as well as 

lymphangions which contract (autonomic contraction; 10-12 contractions per minute) to 

assist with lymph flow. The lymphatic collectors forward lymph fluid to the lymphatic 

trunks and lymph nodes. Humans have on average 600-700 lymph nodes, with the majority 

located in head and neck (cervical and supraclavicular), intestinal (inguinal) and armpit 

(axilla) regions. Afferent lymph collectors transport lymphatic fluid to the nodes, where it is 

filtered, whereas efferent lymph collectors transport fluid from the node either to lymphatic 

trunks or additional nodes. Lymphatic fluid is ultimately returned to the blood circulation 

through the venous system. Approximately 75% of lymphatic fluid is returned via the 

thoracic duct into the left venous angle (left internal jugular and left subclavian vein), 

whereas approximately 25% of lymphatic fluid is returned via the right lymphatic duct into 

the right venous angle (right internal jugular and subclavian veins).

Relevance of lymphatic functioning to disease

Disruption to the above lymphatic flow processes are central to a variety of diseases. 

Inefficient or impaired lymph drainage can result from chronic cardiovascular disease and 

may persist even following successful therapy for cardiovascular symptoms depending on 

the extent of damage. Additionally, the importance of lipid absorption in intestinal 

lymphatics has been well-documented (32), and lipid absorption may be relevant to non-

intestinal lymphatics (33), and as such lymphatic dysfunction may contribute in different 

ways to obesity and successful obesity treatment. It is well-known that lymphatics are the 

primary route for the spread of metastatic cancer, and a better understanding of the manner 

in which cancer cells enter the lymphatics could be crucial from improving clinical 

outcomes in cancer patients. The lymphatics play a key role in immune response and antigen 

transport, and similarly with the progression of autoimmune disorders. Correspondingly, the 

lymphatic system is fundamental to some of the most debilitating conditions of society today 

(e.g., cardiovascular disease, cancer spread, obesity and autoimmune dysfunction) yet 

imaging tools to characterize lymphatic structure and function substantially lag in 

development relative to those applied to other bodily processes and diseases.

In terms of secondary lymphedema as evaluated in this study, mechanical insufficiency is 

caused by a larger lymphatic load relative to lymphatic capacity. In patients with BCRL, this 

is due to a reduction in lymphatic capacity following lymph node removal, radiation therapy, 
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and damage to the lymphatics. This mechanical insufficiency leads to protein accumulation 

in the interstitial space and corresponding limb swelling of protein-rich fluid. It has not been 

possible to measure this protein accumulation using noninvasive imaging to date. Here, we 

have provided evidence that CEST MRI (13,17) can be used to visualize this protein-

weighted water signal in different stages of lymphedema progression. Furthermore, we have 

observed changes in CEST contrast in the affected arms of BCRL patients (Stage 0-2) 

relative to the contralateral arm and compared to healthy controls, even in the absence of 

irreversible changes in lymph structure or limb swelling (Stage 0). These findings suggest 

that CEST contrast may provide a biomarker of lymphatic dysfunction even in early stages 

of disease.

Relevance of noninvasive lymphatic imaging

The clinical relevance of this possibility is that in health, the lymphatic transport capacity 

(i.e., highest possible lymphatic flow per unit time) exceeds the lymphatic load by as much 

as a factor of ten (34) providing the body with a reserve capacity in the event of temporarily 

increased lymphatic loads, such as during infection. Given this reserve, the lymphatic 

system may effectively compensate for a small increase in lymphatic load or reduction in 

lymphatic transport capacity, as is the case following lymph node removal or damage. Once 

the lymphatic system is no longer able to fully compensate for the lymphatic load generated, 

protein-rich fluid will start to accumulate in the interstitium and eventually swelling will 

become evident. Therefore, an ability to measure small changes in interstitial protein 

accumulation, or changes in lymphatic flow velocity, could be beneficial for early detection 

of lymphatic dysfunction, thereby providing clinicians with evidence of lymphatic 

impairment before clinical signs of swelling develop. Decongestive therapeutic approaches 

in the early stage (Stage 0) may be useful for addressing early lymphatic dysfunction and 

offsetting the progression to observable signs of lymphedema (Stage 1-3) in this at-risk 

population. Using these noninvasive biomarkers of lymphatic function and dysfunction may 

help to more comprehensively evaluate the impact therapies have on the lymphatic system, 

thereby influencing the standard of care for lymphedema prevention and management.

In addition to the CEST approach outlined in this study, it has been shown that spin labeling 

may also be useful for non-invasively assessing lymphatic flow velocity (35). For perfusion 

quantification, a spin labeling postlabeling delay of only 1.5-2s is generally required owing 

to the relatively fast inflow of blood water through the arterial system; the spin labeling 

difference magnetization owing to perfusion is small at only 1–2% of unlabeled tissue 

signal. This signal arises from the small amount of perfusion-weighted contrast relative to 

total signal intensity and the decay of the magnetic label with blood water longitudinal 

relaxation time (T1~1.7s for arterial blood water at 3.0T). Importantly, a longer T1 is 

required to image flow from fluids with lower velocity, such as lymphatic fluid where the 

flow velocity is several factors slower than that of blood. The T1 of lymphatic fluid is more 

than twice as long as that of blood water at 3.0T (T1=3100±160 ms) (35), and furthermore 

that this longer T1 enables longer postlabeling delay times, thereby allowing for 

visualization of lymphatic fluid flow of less than 1 cm/min. Motivation for this technique 

has been demonstrated and consistent changes in lymphatic flow properties are detectable in 

vivo under (i) conditions of cuff-induced lymph flow manipulation, and (ii) in affected vs. 
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unaffected arms of BCRL patients (35). Ongoing work could also exploit principles of 

lymphatic inflow (analogous to time-of-flight magnetic resonance angiography) to assess 

lymphatic flow velocity into lymph nodes over an even larger temporal scale.

The overreaching hypothesis of this line of research is that similar to other diseases such as 

stroke, Alzheimer’s disease, and cancer, subtle preclinical changes in system function 

precede observable structural changes and symptoms in BCRL, and other conditions where 

lymphatic compromise is implicated. Accurate measurement of these early changes is 

fundamental to identifying patients at highest risk of lymphedema and guiding preventative 

therapy. Furthermore the sensitivity of these measures should allow us to more precisely 

understand therapy impact on lymphatic processing. To test this possibility, it will be 

necessary to grow imaging technologies that are capable of noninvasively understanding 

mechanisms of lymphedema onset and therapy response. These methods may hold 

significance in two important ways. Firstly, they will demonstrate the utility of using 

noninvasive MRI for detecting changes in lymphatic structure and function. As these 

methods require imaging equipment available at most hospitals, methods can be 

disseminated to allow for large-scale trials of optimized lymphedema therapy and prevention 

in the future. Secondly, this work can be used to evaluate the impact that common 

lymphedema therapies, e.g., manual lymphatic drainage (MLD) and compression devices 

and modalities (2), have on lymphatic system structure and function, as well as the direct 

impact on lymphatic function when such therapies are implemented early to address early 

signs of lymphedema, i.e. the application of a day-time compression sleeve or self-MLD as a 

response to early signs of lymphedema.

Technical considerations

This study represents the first application of CEST in patients with BCRL and several 

technical considerations should be considered when interpreting the study findings.

Our hypothesis was that increased APT effects should be observed in lymphedematous arms 

owing to increased interstitial protein accumulation and an increase in the amount of 

exchangeable amide protons. However, over a physiological range it should also be noted 

that the exchange rate between amide and water protons is base catalyzed, and therefore 

differences in pH could also contribute. To our knowledge, there is no basis for a substantial 

pH change in the interstitium of lymphedematous vs. healthy limbs, however pH was not 

measured as part of this study and as such this possibility cannot be eliminated.

The findings of this study should be interpreted within the context of the total sample size. 

The purpose of our study was to determine whether APT CEST could be applied in 

extremity regions of lymphedema patients and also whether this approach provided unique 

contrast in patients relative to controls, and in a manner consistent with disease stage and 

symptomatology. The data provided support this conclusion, however larger studies are 

required to understand the utility of APT CEST as a prognostic tool or biomarker. 

Additionally, our sample size did not allow for a rigorous statistical evaluation of the 

relationship between APT contrast and BCRL stage, which should be the topic of future 

work with larger sample sizes.
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We measured no significant difference in B1 between right and left arms of controls, or 

lymphedematous and non-lymphedematous limbs of patients on average and therefore it is 

unlikely that the lateralizing trend observed in patients is due solely to B1. A Gaussian-

windowed sinc saturation pulse with peak B1 = 1 μT and duration=75 ms with a dual RF 

transmit body coil was utilized here; regional variability in B1 will likely reduce the B1 in 

some regions and both narrow the CEST z-spectrum and reduce the APT effect. To reduce 

this confound, we focused on medial arm regions where B1 was highest and most 

homogeneous (Fig. 1), and also where interstitial protein accumulation is expected. Future 

work may benefit by increasing B1 to ensure acceptable saturation (e.g., B1 > 1 μT) even in 

the presence of heterogenous pulse profiles, correcting for B1 in post-processing (36), and 

utilizing more complex RF shimming algorithms for the CEST pre-saturation pulse. 

Additional improvements could be made by using parallel transmit (37) and tailored RF 

pulses (38) to improve B1 and flip angle uniformity in the arms. RF shim weights and 

tailored pulses could be designed by including only the arms and axilla in the pulse 

optimization.

Finally, the large FOV required (right/left = 500-600 mm) for imaging bilateral arms and 

axilla is beyond the default “shutter” window of the Philips scanner, used here. This shutter 

window can be extended as a reconstruction control parameter. It should be ensured that the 

shutter window is sufficiently large to enable imaging of both arms, as otherwise lateral arm 

signal may be removed, especially in larger patients.

Conclusion

Impairment of the lymphatics is known to reduce quality of life in some of the most 

crippling diseases of the 21st century. Despite this, lymphatic functioning is not nearly as 

well understood as the majority of other bodily systems, partly owing to a lack of sensitive 

imaging technologies that can be applied using standard clinical equipment. In this work, we 

translated structural and functional (APT CEST) MRI methods to understand whether 

lymphatic compromise could be visualized using emerging functional imaging methods that 

have shown clinical relevance in brain, breast, and liver disease. We provide evidence 

supporting the ability of APT CEST to provide contrast consistent with lateralizing disease 

in patients with breast cancer treatment-related lymphedema, thereby motivating the further 

investigation of these and similar methods for clinical lymphedema trials.
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Figure 1. Spatial coverage and planning of lymphatic imaging
(A) Orthogonal representations of 3D T2-weighted mDIXON scans, which are used for 

identifying the approximate location of axillary lymph nodes and surrounding muscle and 

fat structure. (B) Multi-TR B1 maps for one control subjectshowing typical B1 consistency 

between right and left arms. In the bottom right panel, an example region-of-interest (ROI) 

used for amide proton transfer (APT) analysis is shown (white). (C) The 3D Diffusion 

Weighted Imaging with Background Suppression (DWIBS) scan (maximum intensity 

projection) demarcates the approximate location of axillary lymph nodes, and (E) the high 

spatial resolution fat-suppressed T2-weighted scans highlights structural characteristics of 

the lymph nodes. These images can be acquired non-invasively using standard MRI 

hardware in less than 10 min, and can be used for guiding assessment of functional changes 

in human lymphatics.
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Figure 2. Amide proton transfer (APT) effects in healthy control volunteers
(A) Amide protons ([NH]~100 mM) which resonate at +3.5 ppm from the water resonance 

are in constant exchange (rate~40 Hz) with surrounding bulk water ([H2O]~110M). By 

selectively irradiating at the amide resonance prior to water detection, NH proton 

magnetization is reduced, which attenuates the detectable water signal following exchange. 

This effect is commonly visualized in the CEST z-spectrum (B,C), in which water signal 

following different radiofrequency (RF) pre-pulse offsets is shown. The lineshape is 

influenced by broad nuclear overhauser (NOE), T1/T2, and RF spillover effects, with small, 

additional attenuation apparent at +3.5 ppm owing to proton exchange. Mean (N=8) control 

z-spectra for (B) right and (C) left arms, along with Lorentzian fits. The squares denote 

acquired data whereas the solid lines denote the Lorentzian fit. The Lorentzian fit reflects 

information of B1, T1, and T2, however not exchange and therefore provides a reference for 

exchange effects. (D) Both the Lorentzian APT analysis (APTL) and Asymmetry APT 

analysis (APTA) provide similar information (P<0.05) in control volunteers, however the 

variation in the APTL approach is much smaller owing to a reduction of sensitivity to NOE 

and magnetization transfer effects on the –ppm side of the z-spectrum. Right and left arms 

are plotted as separate data points (16 data points total). (E) APTL maps from a 

representative control volunteer (central slices covering axilla shown), which demonstrate 

the range of consistency between APTL measures in right and left axilla.
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Figure 3. Amide proton transfer effects in healthy and lymphedematous arms
(A-B) The size of the APT effect is similar in right and left arms of healthy control subjects, 

but (C-D) increased in lymphedematous arms, on average, of patients with BCRL (P<0.05). 

Note the range of APT contrast in patients (red circles; Fig. C), however the consistent 

asymmetry observed between the lymphedematous arm and contralateral arm (D). (E) The 

per-subject asymmetry of the APTL effect is near zero in control volunteers, but 

significantly (P<0.05) elevated in BCRL patients. Red circles denote individual subject data 

and bars denote one standard deviation.
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Figure 4. Amide proton transfer (APT) effects in patients
APT effect size is observed to be elevated in lymphedemetaous arms relative to contralateral 

arms, most notably subdermally on the medial aspect of upper arm. Breast tissue has been 

masked out owing to differential contrast from reconstructive surgery. Corresponding z-

spectra are shown to the right, which denote a reduction in signal intensity in the region of 

the APT effect (+3.75 to +3.25 ppm range). Patient information is discussed in detail in the 

text and also in Table 2.
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Figure 5. Relationship between amide proton transfer (APT) effect size and clinical measures of 
impairment as defined by breast cancer treatment-related lymphedema (BCRL) stage (Table 1)
Data are taken from all controls in the control group (green), and limbs of patients with node 

removal (e.g., both arms from patient 1 and 6 are included owing to bilateral node 

resection). Data suggest that APT contrast increases with increasing lymphatic impairment, 

and differences between control arms and Stage 0 BCRL patients are suggested. Additional 

data in a larger volume of patients, also controlling for duration since node resection and 

other risk factors (e.g., radiation therapy, age, sarcoma, cellulitis and obesity) are likely 

necessary to fully understand the relationship between APT contrast and lymphatic 

compromise. Bars denote one standard deviation.
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Table 1

Criteria for breast cancer treatment-related lymphedema (BCRL) staging.

Defining clinical characteristics of BCRL in patients undergoing axillary lymph node dissection with/without radiation 
therapy

Stage 0 No observable lymphedema as defined by less than 2 cm difference in arm circumference between the involved
and uninvolved arms.

Stage 1 Reversible lymphedema defined as greater than 2 cm difference in arm circumference between the involved and
uninvolved arms. Other criteria: Fibrosis: none or minimal; Pitting: pits on pressure; Elevation: reduces edema;
Skin: no change

Stage 2 Stage I criteria with Fibrosis: moderate; Pitting: may be present; Elevation: does not fully reduce edema
(minimal to no reduction); Skin: no change

Stage 3 The tissue is hard (fibrotic) and pitting is absent. Skin changes such as thickening, hyperpigmentation,
increased skin folds, fat deposits and warty overgrowths develop
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