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Abstract

Purpose: Recent initial findings suggest that radiation therapy improves blood perfusion and 

cellular chemotherapy uptake in mice with leukemia. However, the ability of radiation therapy to 

influence drug accumulation in the extracellular bone marrow tissue is unknown, due in part to 

a lack of methodology. This study developed longitudinal quantitative multiphoton microscopy 

(L-QMPM) to characterize the bone marrow vasculature (BMV) and drug accumulation in the 

extracellular bone marrow tissue before and after radiation therapy in mice bearing leukemia.

Methods and Materials: We developed a longitudinal window implant for L-QMPM imaging 

of the calvarium BMV before, 2 days after, and 5 days after total body irradiation (TBI). Live 
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time-lapsed images of a fluorescent drug surrogate were used to obtain measurements, including 

tissue wash-in slope (WIStissue) to measure extracellular drug accumulation. We performed L-

QMPM imaging on healthy C57BL/6 (WT) mice, as well as mice bearing acute lymphoblastic 

leukemia (ALL) and acute myeloid leukemia (AML).

Results: Implants had no effects on calvarium dose, and parameters for wild-type untreated 

mice were stable during imaging. We observed decreased vessel diameter, vessel blood flow, and 

WIStissue with the onset of AML and ALL. Two to 10 Gy TBI increased WIStissue and vessel 

diameter 2 days after radiation therapy in all 3 groups of mice and increased single-vessel blood 

flow in mice bearing ALL and AML. Increased WIStissue was observed 5 days after 10 Gy TBI or 

4 Gy split-dose TBI (2 treatments of 2 Gy spaced 3 days apart).

Conclusions: L-QMPM provides stable functional assessments of the BMV. Nonmyeloablative 

and myeloablative TBI increases extracellular drug accumulation in the leukemic bone marrow 

2 to 5 days posttreatment, likely through improved blood perfusion and drug exchange from the 

BMV to the extravascular tissue. Our data show that neo-adjuvant TBI at doses from 2 Gy to 10 

Gy conditions the BMV to improve drug transport to the bone marrow.

Introduction

It has been shown that leukemia-induced bone marrow vasculature (BMV) remodeling 

promotes chemoresistance in mice bearing acute myeloid leukemia (AML).1,2 Angiogenesis 

is commonly observed in patients with leukemia,3 and murine studies using human AML 

have reported vascular alterations that result in poor drug tissue perfusion, similarly to 

solid tumor models.4 Despite such observations, antiangiogenic therapeutic approaches in 

combination with standard chemotherapy have not been successful in improving patient 

outcomes for leukemia.5,6 This may in part be due to the complex response of the vascular 

system to treatment as well as a lack of methods to assess the function of the BMV.7

One technique to assess the function of the BMV is dynamic contrast-enhanced (DCE) 

imaging with modalities such as magnetic resonance imaging (MRI) or computed 

tomography (CT). DCE imaging acquires time-lapsed images of intravenously injected 

contrast agents to quantify changes in their delivery to the tissue.8 However, DCE imaging 

is unable to directly observe the underlying vascular characteristics influencing changes in 

contrast delivery.9 DCE imaging using a small molecular weight contrast agent (938 Da) 

has revealed increased peak height and wash-in slope in the bone marrow of patients with 

AML compared with healthy volunteers.10 Increased blood perfusion and blood volume 

have been proposed as reasons for changes in peak height and wash-in slope, respectively. 

Other studies have noticed increased clearance rates of compounds from the bone marrow of 

patients with acute leukemias11; however, the results of these experiments are very different 

from previously mentioned preclinical observations of poor chemotherapy delivery with the 

onset of leukemia. Such apparent differences between preclinical and clinical observations 

demonstrate the need for preclinical methodology capable of performing clinically relevant 

contrast-based time-lapsed imaging while directly observing BMV alterations.

Multiphoton microscopy is one imaging technique capable of both directly observing the 

BMV and performing contrast-based time-lapsed imaging. Fluorescent dextran conjugates of 
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a variety of molecular weights are commonly used for multiphoton microscopy as a contrast 

agent. Leakage of dextran with molecular weights up to 150 kDa have been observed in 

the bone marrow1,12 owing to the presence of highly permeable sinusoidal vessels.13 In 

comparison to 150 kDa sized dextran, 4 kDa sized dextran easily permeates the BMV and 

is similar in molecular weight to typical chemotherapies used in the treatment of leukemia, 

such as daunorubicin (563.98 Da) or cytarabine (243.22 Da).14 It is also similar in size to 

previously mentioned contrast agents used in DCE imaging. Compared with chemotherapy, 

4 kDa dextran has a minimal effect on the bone marrow microenvironment,15 making it ideal 

for longitudinal studies as a drug surrogate and useful for comparison with DCE imaging.

Using multiphoton microscopy, we recently found that low dose (2–4 Gy) radiation therapy 

increases single-vessel blood flow in mice bearing acute lymphoblastic leukemia (ALL).12 

Increases in perfusion coincided with increased cellular uptake of chemotherapy, as well 

as improved survival outcome for mice treated with chemotherapy after neo-adjuvant 

low-dose radiation therapy. The results suggest that improved BMV blood flow may 

improve drug accumulation in the extracellular bone marrow tissue, leading to enhanced 

cellular chemotherapy uptake. However, observations of improved BMV blood flow and 

improved cellular uptake of chemotherapy do not assure increased extracellular drug 

accumulation after radiation therapy, because cellular drug uptake also depends on the 

number of cells in the tissue and the affinity of cells to uptake drugs.16 Additionally, in vivo 

measurements of cellular drug uptake are limited to single time-point measurements and do 

not have the ability to observe sustained longitudinal changes in drug accumulation after 

treatment. Therefore, longitudinal measurements of extracellular drug accumulation would 

be beneficial to assess the effectiveness of radiation therapy in conditioning the BMV for 

chemotherapy delivery to the extracellular bone marrow.

We have developed longitudinal quantitative multiphoton microscopy (L-QMPM) to (1) 

directly assess extracellular drug accumulation and changes in the BMV after radiation 

therapy, (2) quantify potential time-lapsed imaging-based disease biomarkers, and (3) better 

understand the relationship between underlying vascular alterations and measurements 

obtained from DCE imaging. We quantified extracellular drug accumulation primarily as the 

extravascular tissue wash-in slope (WIStissue) calculated using time-lapsed imaging of 4 kDa 

dextran. We measured several additional time-lapsed imaging and microvascular parameters, 

including the kinetic transfer rate (Ktrans) and single-vessel blood flow to understand how 

the BMV influences changes in DCE imaging parameters and WIStissue. We performed 

L-QMPM imaging in the calvarium of mice bearing ALL or AML, 2 common types of 

leukemia, as well as wild-type (WT) controls, to assess the response of the healthy and 

leukemic BMV to radiation therapy. We hypothesized that radiation therapy would increase 

WIStissue in the calvarium bone marrow of mice bearing leukemia after both low (2 Gy) and 

high (10 Gy) dose total body irradiation (TBI). After seeing the response of the BMV to 2 

Gy and 10 Gy TBI we performed additional L-QMPM imaging on mice bearing ALL, which 

received 4 Gy TBI in a single treatment or in 2 treatments (4 Gy split-dose) to see how 

different nonmyeloablative treatments would affect extracellular drug accumulation.
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Methods and Materials

Mice and cell lines

We performed all procedures for animal experimentation according to City of Hope 

guidelines and with approval from the Institutional Animal Care and Use Committee. For 

all imaging studies, we used male and female C57BL/6 WT mice (strain 556; Charles 

River, Wilmington, MA) at 7 to 11 weeks. Mice were injected with 1×106 green fluorescent 

protein+ BCR-ABL (p190Kd) expressing B-cell ALL cells17 or 1×106 green fluorescent 

protein+ Cbfb-MYH11/Mpl + AML cells.18 The percentage of leukemia in peripheral blood 

(PB) and in bone samples was measured by flow cytometry as described previously.12 

Complete details of the mice and leukemia injections can be found in Appendix E1A.

Cranial window surgery

Briefly, we anesthetized mice using 1.3% isoflurane and made an incision to expose the 

calvarium. A custom head plate made of carbon fiber or titanium for stereotactic viewing 

of the calvarium and a round glass coverslip were adhered to the calvarium using a 

combination of adhesives. Complete details of the surgery can be found in Appendix E1B.

L-QMPM image acquisition and analysis

For L-QMPM imaging, we anesthetized mice using 1.3% isoflurane. The cranial window 

head plate attached to the mouse was inserted into a stereotactic heated stage for imaging 

using a Prairie Ultima multiphoton microscope (Bruker Corporation, Billica, MA). We 

performed imaging on the frontal bone region of the calvarium, near the sagittal suture for 

all mice. For time-lapsed contrast imaging, we inserted a catheter into the tail vein of the 

mice19 and injected 4 kDa tetramethylrhodamine-isothiocyanate dextran (TdB Consultancy, 

Uppsala, Sweden) 30 seconds after the start of time lapsed imaging. After completing 

time-lapsed imaging, a second injection of 2 MDa fluorescein isothiocyanate dextran (TdB 

Consultancy) or Qtracker 655 Vascular Label (Invitrogen, Carlsbad, CA) was performed to 

observe the vasculature morphology and identify vascular tissue. We used 3 separate z-stack 

images to measure vessel density and mean vessel diameter for each mouse using Fiji/

ImageJ.20 Measurements of corrected single-vessel blood flow were acquired as described 

previously.4 Tiled z-stack images were stitched together using a Fiji/ImageJ plugin.21 A 

complete description of image acquisition can be found in Appendix E1C.

For identification of extravascular, vascular, and whole tissue regions of interest (ROI), 

we performed a series of automatic thresholds from fluorescent blood pool agents and time-

lapsed 4 kDa dextran images using Otsu’s method22 in Fiji/ImageJ in similar fashion to our 

previous work.12 The average fluorescent intensity measurements from the 3 preinjection 

background frames were subtracted from the time-lapsed image data set for each ROI. Time-

lapsed dextran accumulation in the vascular and extravascular tissue ROIs was analyzed 

using a custom MATLAB (R2018a 9.41.0.81364; MathWorks, Natick, MA) script to 

obtain Ktrans, the fractional extracellular extravascular space (νec), and the backflux rate 

(Kep) using a 2-compartment model23 as described in our previous work.12 The additional 

parameters of dextran accumulation that we quantified included WIStissue, wash-in slope for 

the whole tissue ROI (WISwhole), peak height for the extravascular tissue ROI (PHtissue), 
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peak height for the whole tissue ROI (PHwhole), and peak height for the vascular tissue ROI 

(PHblood). WISwhole and PHwhole were quantified as measurements similar to DCE imaging 

parameters to identify how signal contributions from the vascular and extravascular tissue 

influence DCE imaging.9

We obtained WIStissue and WISwhole by dividing the largest positive change in fluorescent 

intensity between each frame by the time interval between frames for the ROIs of 

the extravascular and whole tissues, respectively. PHblood, PHtissue, and PHwhole were 

calculated by measuring the dextran fluorescent intensity value of the frame with the 

highest fluorescent intensity for vascular, extravascular, and whole tissue ROIs, respectively8 

(Fig. 1A,B). A complete description of image segmentation, compartmental modeling, and 

descriptive curve analysis is found in the Appendix E1D.

TBI treatments, head plate dosimetry, and dose simulations

We used the Precision X-RAD SMART Plus/225cx small animal image guided irradiation 

system (Precision X-Ray, North Branford, CT)24 to administer single-dose, soft tissue 

equivalent TBI treatments at 2, 4,or 10 Gy. Additionally, a 4 Gy split-dose TBI treatment 

consisting of 2 2 Gy TBI treatments separated by 3 days was performed. The system was 

also used to acquire CT images and perform dose calculations.25,26 Further description of 

treatment and dosimetric evaluation can be found in Appendix E1E.

Histology preparation and scoring

Details of histology preparation can be found in Appendix E1F.

Statistical analysis

We performed all statistical testing using Prism (V.9.00 [121], GraphPad). For analysis of 

the treatment effects, a 2-way mixed-effects model was performed followed by Tukey’s post 

hoc comparison when appropriate. For experiments using 2 and 10 Gy TBI, we performed 

post hoc comparisons with 3 families and 3 comparisons per family for both time and 

treatment group comparisons. Measurements of leukemia in the PB of mice in treatment 

groups were compared using a 1-way mixed-effect model for cross group and longitudinal 

comparisons. When appropriate, 4-Gy single-dose and 4-Gy split-dose TBI-treated mice 

were compared using a Welch’s 2-sided t test corrected for multiple comparisons. Unless 

stated otherwise, we performed all other significance testing using a Welch’s 2-sided t test. 

All distribution error bars are displayed as the mean ± 1 standard deviation.

Results

Study timing and L-QMPM validation

We performed treatment intervention for mice bearing AML and ALL approximately when 

the percentage of leukemia in the PB reached the level where changes in BMV function 

were observed (Fig. 1C,D, Tables E1 and E2). An additional group of mice bearing ALL 

were treated at higher ALL burden to observe the effects of TBI after ALL had caused 

significant reductions in WIStissue (Table E3).
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To understand the differences between the timing of single-vessel blood flow changes 

in mice bearing AML or ALL, we characterized the growth kinetics of leukemia in the 

PB, femur, and calvarium. No significant time-matched differences in the percentage of 

leukemia in the PB of mice were found between mice bearing ALL and AML post 

leukemia-cell injection (Fig. E1A). However, in the calvarium, we observed significantly 

higher engraftment of ALL compared with AML (Fig. E1B,C). Similar differences were 

found in the femur bone marrow (Fig. E1C,D). The data suggest that differences in vascular 

function may be due to differences in the onset of leukemia engraftment in the calvarium 

and femur bone marrow.

We observed no significant differences in any imaging parameters in WT untreated mice 

between imaging time points (Table E4). Additionally, no significant differences in any of 

the imaging parameters or leukemia PB measurements were observed before TBI treatments 

in treatment subgroups with matching types of disease, validating longitudinal and cross-

group comparisons posttreatment (Table E1–2). Leukemia growth and treatment response 

could be observed in the calvarium using L-QMPM (Figs. 1E–I and E2).

We performed dosimetry measurements at different regions underneath titanium and carbon 

fiber head plates and performed CT-based dose simulations to ensure accurate dose delivery 

and dose evaluation of the calvarium after cranial window surgery, respectively. Significant 

differences in dose were noticed between a lack of head plate and directly under the titanium 

head plate material, whereas no significant differences were noticed between a lack of head 

plate and carbon fiber headplates (Fig. 1J–L). We observed significant artifacts in CT images 

of mice with titanium head plates. However, no artifacts were present for carbon fiber head 

plates (Fig. 1M). For these reasons, we used carbon fiber head plates for all L-QMPM 

imaging studies.

AML and ALL increased vessel density, reduced blood flow, and reduced WIStissue

We split L-QMPM imaging data into relative low and high leukemic burden groups using 

PB measurements based on the timing of BMV changes. Reduced vascular diameter, 

increased vessel density, and reduced single-vessel blood flow were observed in mice 

bearing leukemia at both low and high leukemic burden compared with WT mice (Fig. 

2A–D, Table E5).

BMV changes at low disease burden coincided with decreased WISwhole for mice bearing 

leukemia compared with WT mice (P = .0178 and P = .0018; Fig. 2E, Table E5). We 

observed decreases in Kep and increases in νec in mice bearing AML at low leukemic 

burden compared with WT mice (P < .0001 and P = .0412, respectively; Table E5).

At high leukemic burden, we observed decreases in WIStissue for mice bearing ALL and 

AML compared with WT mice (P = .0001 and P = .0001, respectively; Fig. 2F–G, Table 

E5). Significant differences for time-lapsed imaging parameters in mice bearing leukemia 

at high disease burden included decreased WIStissue, WISwhole, PHwhole, PHblood, and Kep, 

as well as increased νec compared with WT mice (Fig. 2E–G, Table E5). We additionally 

observed decreased Ktrans at high AML burden (P < .0001, Fig. 2H). The most effective 

Brooks et al. Page 6

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



time-lapsed imaging parameter to distinguish between mice bearing leukemia and WT mice 

was WISwhole (Figs. 2I–L and E3).

We measured the percent signal contribution to PHwhole from the extravascular tissue ROI, 

to better understand peak height measurements in DCE imaging. Mean signal contribution 

was 55.7% ± 16.7%, 64.9% ± 3.7%, and 71.7% ± 20.7% for untreated WT mice and mice 

bearing ALL or AML, respectively (Fig. E4A). We observed no correlation between PHwhole 

and vascular density using data from untreated WT mice and mice bearing AML and ALL 

(R2 = 0.005, P = .5235; Fig. E4B).

2 and 10 Gy TBI reduced vascular density, dilated blood vessels, and, in mice bearing 
leukemia, increased blood perfusion

We observed accumulation of the macromolecular blood pool agent (Qtracker™ 655 

vascular label) in large, tiled images of mice bearing ALL 2 days after treatment, 

suggesting increased vascular leakage and increased extracellular tissue space compared 

with pretreatment (Fig. 3A). Increases in mean vessel diameter were observed for all mice 

2 days after 2 and 10 Gy TBI as well as 5 days after 10 Gy TBI compared with that in 

pretreatment time points and untreated mice (Fig. 3A,B, Tables E1–E4). For mice bearing 

AML or ALL, we observed increases in single-vessel blood flow 2 days after 2 Gy TBI and 

10 Gy TBI compared with levels in pretreatment time points and untreated mice. Compared 

with untreated mice, increases in single-vessel blood flow were observed 5 days after 10 Gy 

TBI treatments for mice bearing leukemia (Fig. 3C, Tables E1 and E2).

For mice with leukemia, we observed decreases in vessel density 2 days after 10 Gy 

TBI compared with pretreatment density; for mice bearing ALL, we observed decreases 

compared with untreated mice (Fig. E4C). Decreases in vessel density were also observed 

5 days after 10 Gy TBI for all mice, compared with levels in pretreatment time points 

and untreated mice. Decreases in vessel density and increases in vessel diameter were also 

observed 5 days after 10 Gy TBI compared with 2 Gy for all mice. We observed similar 

changes in vessel diameter and vessel density measurements 5 days after treatment in femur 

and calvarium histology (Fig. E5A–D).

2 and 10 Gy TBI increased extracellular drug accumulation to the healthy and leukemic 
bone marrow

We observed increases in WIStissue for all mice 2 days after both 2 Gy TBI and 10 

Gy TBI compared with either pretreatment time points or untreated mice (Fig. 4A–D, 

Table E1–4). Percent increases in WIStissue mean values ranged from 39% to 81% for 

WT mice and 139% to 227% for mice bearing leukemia compared with pretreatment. 

Similar increases posttreatment for Ktrans and Kep were observed (Fig. 4E, Table E1–4). 

We observed increases in WIStissue 5 days after 10 Gy TBI for mice bearing leukemia 

compared with untreated mice, and we observed increases for mice bearing ALL compared 

with pretreatment time points. We additionally observed significant increases in WIStissue 5 

days after 10 Gy TBI compared with 2 Gy for mice bearing AML or ALL (mean percent 

increases of 165% and 188%, respectively). We found significant decreases in WIStissue 

before treatment intervention in mice bearing AML or mice bearing ALL treated with 10 Gy 
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at high disease burden compared with WT mice (P = .0279 and .0003, respectively; Fig. E6), 

demonstrating that increases in WIStissue after TBI occurred in healthy or leukemic bone 

marrow microenvironments. We observed increases in PHtissue and νec after TBI at a variety 

of doses and time points likely due to changes in cellularity (Table E1–4). Similar changes in 

νec after TBI are observed in DCE imaging.27

A summary of the effects of TBI is shown in Figure 5A. We found positive linear 

correlations with WIStissue for single-vessel blood flow and mean vessel diameter, and no 

correlation was found for vessel density (Fig. 5B).

4 Gy split-dose TBI increased the duration of improved extracellular drug accumulation

After seeing increases in WIStissue 5 days after 10 Gy TBI but not 2 Gy TBI, we measured 

the effects of 2 additional non-myeloablative treatments (4 Gy TBI and 4 Gy split-dose 

TBI) (Fig. 6A). These treatments were performed to see whether different nonmyeloablative 

treatments could extend the duration of improved extracellular drug accumulation compared 

with 2 Gy TBI. Four Gy split-dose TBI resulted in significant increases in WIStissue and 

Ktrans at day 5 compared with pretreatment (P = .0150 and P = .0003 respectively), and no 

significant increases were seen for 2 Gy or 4 Gy treated mice (Fig. 6B,C). However, 4 Gy 

TBI significantly increased WIStissue at day 2 compared with 4 Gy split-dose TBI. Similar 

increases in mean vessel diameter and single-vessel blood flow at day 5 were observed for 4 

Gy split-dose TBI (Fig. 6D–G). Data suggest that 4 Gy split-dose TBI extends the window 

of improved vascular function to at least 5 days after the start of treatment; however, 4 Gy 

single-dose TBI may provide further improved extracellular drug accumulation for a shorter 

duration.

Discussion

We developed L-QMPM imaging to measure several parameters that quantified the BMV 

and extracellular drug accumulation before and after radiation therapy. Decreased WIStissue, 

WISwhole, PHwhole, Kep, single-vessel blood flow, and mean vessel diameter, as well as 

increased vessel density and νec were observed with the onset of leukemia. WISwhole was 

the most effective contrast-based, time-lapsed imaging parameter to identify mice bearing 

leukemia. As hypothesized, 2 Gy and 10 Gy TBI treatments increased WIStissue, Ktrans, 

and mean vessel diameter in WT mice and mice bearing leukemia 2 days after TBI. 

We also observed increased single-vessel blood flow for mice bearing AML and ALL. 

Increases in WIStissue were observed 5 days after 10 Gy myeloablative TBI and 2 Gy 

nonmyeloablative TBI caused no changes. However, nonmyeloablative 4 Gy split-dose TBI 

treatments resulted in an extended time window (up to 5 days) for increased WIStissue 

compared with single-dose 4 or 2 Gy TBI. Data suggest that the appropriately designed 

non-myeloablative treatment can condition the BMV for improved drug transport to the bone 

marrow for a variety of dosing timeframes.

DCE imaging analysis applies mathematical models to or infers the BMV changes 

that influence the delivery of contrast agents. We calculated WISwhole and PHwhole 

as measurements commonly interpreted as the volumetric tissue blood flow rate and 

tissue blood volume for DCE imaging, respectively.8 Several studies using DCE imaging 
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identified changes in PHwhole or similar mathematically modeled parameters to be positively 

correlated with vessel density and have proposed DCE imaging as an alternative method 

to quantify vessel density in the untreated malignant bone marrow.10,28 This circumstance 

is desirable as it would reduce the need for invasive bone marrow biopsies to quantify 

vessel density, which is a prognostic marker for tumor aggressiveness.29 However, in this 

work, we found no correlation between PHwhole and vessel density with leukemia onset, 

likely due to the reduction in mean vessel diameter present in mice bearing leukemia. 

Additionally, over half of the fluorescent signal contributing to PHwhole was from the 

extravascular ROI, suggesting that PHwhole measurements may be significantly influenced 

by leakage of contrast into the extravascular tissue. Our results demonstrate that positive 

correlations of PHwhole with vessel density or vessel volume cannot be assumed without 

pathologic validation, and that mathematical modeling should be used to account for signal 

contributions from the extravascular tissue when quantifying vascular parameters using 

DCE.

We identified WISwhole as the most effective time-lapsed imaging measurement to identify 

mice bearing leukemia. As WISwhole is primarily a measurement of volumetric blood flow, it 

will be closely related to mean vessel diameter, vessel density, and single-vessel blood flow, 

which are all affected early in leukemia progression. This enables WISwhole to better identify 

mice bearing leukemia than other contrast-based time-lapsed imaging parameters that are 

less sensitive to early vascular alterations.

Because WISwhole is primarily a measurement of volumetric blood flow, it is enticing to 

infer improved extracellular drug accumulation when increases in WISwhole are observed. 

However, we observed that changes in WISwhole and WIStissue did not occur at the same 

disease burden. Additionally, changes in WIStissue were observed in WT mice after TBI, but 

no changes were observed in WISwhole. Our results demonstrated that WISwhole may not 

accurately identify changes in extracellular drug accumulation, likely because WISwhole is a 

convolution of signals from vascular and extravascular tissues. These observations identified 

the importance of validating extracellular drug accumulation when changes in DCE imaging 

parameters are observed.

Increases in WIStissue 2 days after TBI in WT mice were accompanied only by increases in 

Ktrans and mean vessel diameter, suggesting that increases in WIStissue were due to increased 

vascular permeability or increases in vascular surface area, which commonly influence 

Ktrans.23 Similar alterations in Ktrans after TBI have been observed previously using DCE-

MRI.27 For mice bearing leukemia, increases in blood flow after TBI may also contribute to 

increased WIStissue. Similar observations of improved tissue drug perfusion after radiation 

therapy have been made in solid tumor models,30,31 suggesting that the leukemic BMV 

and solid tumor vasculature may have similar responses to radiation therapy. Our results 

suggest that increased WIStissue may be found after myeloablative and nonmyeloablative 

TBI treatments. This directly demonstrates the role of the BMV in our previous work, 

which observed increased cellular chemotherapy uptake by ALL cells and increased mouse 

survival after neoadjuvant radiation therapy.12
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Although we observed similar changes in WIStissue 2 days after 2 and 10 Gy TBI, the 

duration of their changes was different. This finding suggests that the window of opportunity 

for synergistic combination therapy with therapeutics after reduced-intensity TBI regimens 

may be smaller than with standard myeloablative regimens of TBI.32 However, 4 Gy split-

dose TBI caused extended increases in WIStissue compared with 2 Gy TBI. This suggests 

that successive treatments of TBI may extend the duration of improved extracellular drug 

accumulation and enable a large variety of possible combination treatment approaches. 

Targeted irradiation treatment to the bone marrow may also help improve extracellular 

drug accumulation in regions of high leukemic burden while minimizing potential off-target 

toxicities from therapeutic agents.

We observed significant changes in vessel density and vessel diameter 5 days after 10 

Gy TBI compared with 2 days, and no significant differences were noticed in WIStissue. 

These data suggest that maximum BMV morphologic changes after TBI may occur later 

than the maximum increases in WIStissue. These findings are in agreement with other 

studies observing vasodilation and macromolecular contrast leakage 4 to 7 days after 

myeloablative doses.33,34 Future studies should identify how long-term vascular damage 

after myeloablative TBI and bone marrow transplantation influence extracellular drug 

accumulation.

We observed decreases in vessel density 2 days after 10 Gy treatment for mice 

bearing leukemia but not for WT mice, suggesting that the leukemic BMV may have 

increased radiosensitivity. Newly formed immature vessels have been shown to be sensitive 

to radiation therapy,35,36 and more mature vascular structures have been found after 

fractionated radiation therapy in solid tumors.37 This suggests that the appropriate radiation 

therapy treatment may be able to preserve mature vessels, while eliminating newly 

formed vessels present from leukemia signaling. Synergistic effects have been observed 

with radiation therapy and vascular based therapeutic agents for solid tumors,38 making 

combination therapy an attractive option for the treatment of leukemia. Future studies 

evaluating the effects of combination therapy using TBI and typical clinical chemotherapy 

regimens should be performed to understand how radiation therapy can be used to improve 

the efficacy of existing clinical induction chemotherapy.

Although L-QMPM is useful to accurately assess extracellular drug accumulation, it 

is limited to preclinical models, making DCE imaging modalities such as MRI or 

CT necessary for clinical translation. In this work, we provide direct observations of 

BMV morphology and function, as well as measurements used in DCE imaging. These 

observations will be invaluable for interpretation of DCE imaging of the bone marrow.

Conclusions

We identified WISwhole as the most effective DCE imaging parameter to distinguish between 

WT mice and mice bearing AML or ALL. This suggests that DCE imaging should focus 

on the rate of initial increase in whole tissue contrast signal during time-lapsed imaging 

as a biomarker for leukemia. Our results show that the response of the leukemic BMV 

to neoadjuvant radiation therapy at nonmyeloablative and myeloablative doses improves 
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extracellular drug accumulation in the bone marrow by improving blood flow and increasing 

drug permeation through the BMV to the extravascular tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Time-lapsed imaging parameters and validation of longitudinal cranial window head plates. 

(A) Fluorescent intensity values from extravascular tissue, vascular tissue, and whole 

tissue regions of interest (ROIs) from time-lapsed longitudinal quantitative multiphoton 

microscopy (L-QMPM) images during the injection of 4 kDa tetramethylrhodamine-

isothiocyanate (TRITC) dextran. Three background frames are taken before the injection 

of contrast to calculate the average background fluorescent intensity for the vascular, 

extravascular, and whole tissue ROIs. The average background fluorescent intensities are 

subtracted from the respective time-lapsed fluorescent intensity data. Solid lines represent 

fitted functions for the vascular and extravascular tissue compartments used to obtain kinetic 

transfer rate, backflux rate, and extracellular extravascular space. Wash-in slope and wash-

in slope for the whole tissue ROI are depicted as the maximum positive slope between 

image frames for the extravascular tissue ROI and whole tissue ROI, respectively. (B) A 

summary of imaging parameters used in this study. (C) The L-QMPM imaging schema. 

(D) Single-vessel blood flow values for wild-type mice and mice with varying percentages 

of leukemia in peripheral blood. Mice bearing acute lymphoblastic leukemia were imaged 

7 to 8 days after acute lymphoblastic leukemia injection and mice bearing acute myeloid 

leukemia (AML) were imaged longitudinally 9, 11, and 14 days after AML injection. (E,F) 

Photos of mice with longitudinal cranial windows. L-QMPM images of green fluorescent 

Brooks et al. Page 14

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2023 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein + AML cell growth (green) in the calvarium at (G) 4, (H) 6, and (I) 10 days 

post-AML injection shown with corresponding peripheral blood measurements. (J) A picture 

of dosimetric film after x-ray exposure while directly underneath a titanium head plate. Film 

dose measurements from a lack of head plate, carbon fiber head plates, and titanium head 

plates obtained both (K) underneath the head plate material and (L) in the imaging area. (M) 

Computed tomography images with corresponding isodose lines for mice with no head plate, 

carbon fiber head plate, and titanium head plate. Abbreviations: ALL = acute lymphoblastic 

leukemia; AML = acute myeloid leukemia; AU = arbitrary units; HU = hounsfield unit; 

Kep = backflux rate; Ktrans = kinetic transfer rate; PB = peripheral blood; PHblood = peak 

height for the vascular tissue region of interest; PHtissue = peak height for the extravascular 

tissue region of interest; PHwhole = peak height for the whole tissue region of interest; ROI 

= region of interest; TBI = total body irradiation; νec = extracellular extravascular space; 

WIStissue = wash-in slope; WISwhole = wash-in slope for the whole tissue region of interest.
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Fig. 2. 
Bone marrow vasculature remodeling with the onset of leukemia. (A) Top: images of green 

fluorescent protein + leukemia (green) and second harmonic generation from the collagen in 

the bone (blue). Bottom: Images of bone marrow vasculature blood pool fluorescence from 

Qtracker™ 655 vascular labels (white). Longitudinal quantitative multiphoton microscopy 

measurements of (B) mean vessel diameter, (C) mean vessel density, (D) single-vessel 

blood flow, (E) wash-in slope for the whole tissue region of interest, (G) wash-in slope, 

and (H) kinetic transfer rate for wild-type mice and mice with varying leukemic burdens 

measured through peripheral blood sampling. (F) Four kDa dextran fluorescent intensity 

from extravascular tissue regions of interest from a wild-type mouse, mouse bearing acute 

lymphoblastic leukemia, and mouse bearing acute myeloid leukemia. Solid lines indicate the 

corresponding fitting function used for compartmental modeling. (I-L) Receiver operating 

characteristic curves for a variety of longitudinal quantitative multiphoton microscopy 

parameters. A single measurement time point from each mouse, typically matching 

the highest untreated disease burden, was used for analysis of all imaging parameters. 

Abbreviations: ALL = acute lymphoblastic leukemia; AML = acute myeloid leukemia; AU 
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= arbitrary units; Kep = backflux rate; Ktrans = kinetic transfer rate; PHblood = peak height 

for the vascular tissue region of interest; PHtissue = peak height for the extravascular tissue 

region of interest; PHwhole = peak height for the whole tissue region of interest; νec = 

extracellular extravascular space; WIStissue = wash-in slope; WISwhole = wash-in slope for 

the whole tissue region of interest; WT = wild-type.
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Fig. 3. 
Total body irradiation (TBI) induced changes in leukemic burden, vascular leakiness, 

single-vessel blood flow, and vessel diameter. (A) Left: images of acute myeloid leukemia 

(AML) (green) and second harmonic generation from the collagen in the bone (blue). Right: 

maximum intensity projection images of Qtracker™ 655 vascular label (white). Images were 

acquired by stitching of 6 separate 3-dimensional z-stack images together. Stitched image 

sets took approximately 10 minutes to acquire and were started approximately 5 minutes 

after injection of Qtracker™ 655. Substantial vascular leakage and reduction in AML burden 

was observed 2 days after TBI. The effects of TBI on (B) mean vessel diameter and (C) 

single-vessel blood flow for mice bearing acute lymphoblastic leukemia and AML (*P < .05, 

** P < .01, *** P < .001, **** P < .0001, compared with pretreatment time point: †P < 

.05, ††P < .01, †††P < .001, ††††P < .0001, compared with 2 days posttreatment time point: 
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¶P < .05, ¶¶P < .01, ¶¶¶P < .001, ¶¶¶¶P < .0001). Abbreviations: ALL = acute lymphoblastic 

leukemia; AML = acute myeloid leukemia; AU = arbitrary units; Rx = irradiation.
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Fig. 4. 
Measurements of bone marrow vasculature drug delivery potential. (A) Images of acute 

myeloid leukemia (green) and second harmonic generation from the collagen in the bone 

(blue) (far left). Images of 2 MDa fluorescein isothiocyanate (FITC) dextran vascular 

contrast (red) (left middle). Images of 4 kDa dextran (white) from the first frame after 

injection of dextran (right middle). Images of 4 kDa dextran (white) from the 12th frame 

after dextran injection (far right). A dose of 10 Gy total body irradiation (TBI) was 

given to the imaged mouse. Two MDa FITC dextran images were taken immediately after 

dextran injection before leakage into the extravascular tissue occurred. This enabled clear 

identification of the vascular structure and segmentation of the vascular tissue regions of 

interest (ROIs). (B) Fluorescent intensity values from the extravascular tissue ROI taken 

from time-lapsed images of 4 kDa dextran from the mouse images shown in Figure 

4A. Solid lines indicate the extravascular fitting function for compartment modeling. (C) 

Fluorescent intensity values from the extravascular tissue ROI taken from a representative 
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mouse treated with 2 Gy TBI. The effects of TBI on (D) wash-in slope and (E) kinetic 

transfer rate for mice bearing acute lymphoblastic leukemia or acute myeloid leukemia. ( * P 
< .05, ** P < .01, *** P < .001, **** P < .0001, compared with pretreatment time point: †P 
< .05, ††P < .01, †††P < .001, ††††P < .0001, compared with 2 days posttreatment time point: 
¶P < .05, ¶¶P < .01, ¶¶¶P < .001, ¶¶¶¶P < .0001, Tukey’s post hoc comparison.) Abbreviations: 
ALL = acute lymphoblastic leukemia; AML = acute myeloid leukemia; Rx = irradiation; 

WIStissue = wash-in slope.
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Fig. 5. 
Summary of total body irradiation (TBI) treatment effects, and correlation to wash-in slope. 

(A) A summary of the response of wild-type mice and mice bearing acute lymphoblastic 

leukemia and acute myeloid leukemia to 2 and 10 Gy TBI treatments. Arrows indicate a 

significant increase or decrease compared with pretreatment time points, orange indicates 

a significant increase compared with the untreated group, and blue indicates a significant 

decrease compared with the untreated group (P < .05 for all). (B) Linear correlation plots for 

longitudinal quantitative multiphoton microscopy imaging parameters plotted with data from 

the time point 2 days after TBI treatments. A single image time point was used per mouse. 

Abbreviations: ALL = acute lymphoblastic leukemia; AML = acute myeloid leukemia; Kep 
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= backflux rate; Ktrans = kinetic transfer rate; PHblood = peak height for the vascular tissue 

region of interest; PHtissue = peak height for the extravascular tissue region of interest; TBI 

= total body irradiation; WIStissue = wash-in slope; WISwhole = wash-in slope for the whole 

tissue region of interest; νec = extracellular extravascular space; WT = wild-type.
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Fig. 6. 
Treatment effects of nonmyeloablative total body irradiation (TBI) dose regimens for mice 

bearing acute lymphoblastic leukemia (ALL). (A) The treatment schema for mice bearing 

ALL and receiving 2 Gy TBI, 4 Gy TBI, and 4 Gy split-dose TBI. Measurements of 

(B) wash-in slope (WIStissue) and (C) kinetic transfer rate (Ktrans) for mice bearing ALL 

receiving 4 Gy TBI and 4 Gy split-dose TBI before treatment, and on days 2 and 5 after 

the start of treatment. (D) Top: images of green fluorescent protein + leukemia (green) 

and second harmonic generation from the collagen in the bone (blue). Bottom: images of 

bone marrow vasculature blood pool fluorescence from 2 MDa fluorescein isothiocyanate 

(FITC) dextran immediately after injection (white). Images of treated mice were taken 

5 days after the start of treatment. Measurements of (E) mean vessel diameter and (F) 

single-vessel blood flow 5 days after the start of treatment. (G) A summary of the effects 

of TBI treatment regimens 5 days after the start of treatment. Arrows indicate a significant 

increase or decrease compared with pretreatment time points, orange indicates a significant 
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increase compared with the untreated group, and the striped background indicates complete 

cross-group comparison was not appropriate owing to significant differences in pretreatment 

values between some groups (P < .05 for all). Abbreviations: ALL = acute lymphoblastic 

leukemia; AML = acute myeloid leukemia; Ktrans = kinetic transfer rate; Rx = irradiation; 

TBI = total body irradiation; WIStissue = wash-in slope; WT = wild-type.
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