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Abstract

Purpose Previoudy, we demonstrated the feasibility to monitorreattime the ultrasound
mediateduptake of acell-impermeable model drugvith fibered confocal fluorescence
microscopy Here we present a complete ppsbcessing methodology in order to improve the

accuracy of the measurptiarmacéinetic parameters.

ProceduresAfter the etection of the nuclei based on a radial symmetry transform algorithm,
a frameby-frame trackincallowed for the monitoring of each individual uptakée resulting

pharmacokinetic parameters were derived from adarmpartment model

Results With the tracking93% of the 370 nucleshowed dluorescencesignal variation that
was well described by a tamompartmenimodel For each kinetic parameter, the tracking

allowed for more homogeneous distributions.

Conclusions This postprocessing methodologymproved the accuracy of the uptake
pharmacokinetic parameters assessed in a cell population. This study extends the proof of
concept of designing an vitro setup for the regime monitoring of an USnediated model

drug uptak.

Key Words: drug delivery, pharmacokinetic parameters biological barrier, plasma
membrane permeabilizatiodlfrasound bioeffectdjberedconfocalfluorescencenicroscopy,

singlenucleudracking



I ntroduction

Local drug delivery for the treatment of solid tum¢t$ aims at depositing a high dose of
anticancer agent in the tumor tissue while limiting toxic side effects, e.g. cardiot¢R]city
key stepis the crossing obiological barriers, such as the endothelial iear3][4] and the
plasma membrane for drugs that need to bind DN#As prerequisites only partlyfulfilled
for hydrgphilic anticanceragents,e.g. cisplatin and bleomycinand it has been proposéunl
use plasma membrane permeabilizatidechniques especially electroporatiof5][6] or
sonoporationusing ultrasound (US) waved][8][9], to increase the proportion of drug

bindingto DNA, thus becoming effective

Fluorescence microscopg a good candidate tmvestigate the kinetics of Ué&ihanced
uptakeas itallows studying biological processes at the cellular and molecular scale. Modern
fluorescence microscopy systems are capablenafjing with high spatial resolution and
temporal resolution, which specifically enables resolving the dynamics and kinetics of these
processe$l10]. Dynamic microscopy has for example been used to momidbecular motors
involved in intracellular dynamic$11][12][13], plasma membrane dynami¢$4], and
nuclear mechanismgl5][16]. Analysis of these time series requires applicasipecific
image @stprocessingTo study uptake kinetics, we recentlgmonstrated17] the potential

of a setupconsisting ofa Fibered Confocal Fluorescence Microscopy (FCFM) system,
offering minor geomeical constraits, an ultrasoundand optical compatible cell culture
chambey andan unfocused ultrasound transducHris setup allowedssessg the uptake of

a model drug, i.eSYTOX Green intercalating fluorescent dgéter sonoporationin this
preliminary study we monitored the fluorescence signal enhancenoéntdividual nucle,

but we did not take nucleusotion into accountFor that reasgrwe monitoredthe signal

attributed to a nucleusased orthe singlepixel that had the higheshtensityin order to



monitor the same maximum in the region of interest (ROI), thmging the impact of

potential nucleus displacement

Here wepresenta postprocessingmethodalogy that addressethese limitationsjncluding
tracking of nucleifrom frame to framen orderto improvethe accuracy of theneasured
kinetic parametersSpecifically, theproposedmethodconsistsof 1) pre-processing designed
to improve theprecision and the accuracy of the acquired ,dajadetectionof the nuclei
based ona radial symmetry transforralgorithm 3) frameby-frame tracking of deected
nuclei, which allowed for the monitoring @ach individual uptake4) fitting of a two-
compartment modeb the intensity dattb assesshekinetic parameter) statistical analysis
of the resultingpopulationkinetic dataWe then demonstrateat his methodology allow/for

thestudyof kinetic parameters in a cell population of more than hundredpEallexperiment



Materials and Methods

Setup and experimental protocol

In this study the datawere collectedusing the protocolproposedin Derieppeet al. [17].
Briefly, the in vitro setup cosisted of a37°C waterbath containing 4.5 MHz unfocused
monoelement transducer (0.88 MPa ptakeak pressure, 20% duty cycle, 1 kHz pulse
repetition frequencylW electrical effective power, 30cdexposure timge C6 rat glioma
cells were seeded ian ultrasounccompatible cell culture chambg©ptiCell™, Thermo
Fischer Scientific, Rochester, NY, USALells were then exposed to US waves in the
presence of aommercially available ultrasound contrast agedwnovue,Bracco, Milan,
Italy) at an average concentration of 10 microbubbles per. cHile tip of the FCFM
microprobe was incontact with the upper wall of the culture chamband allowed
monitoring the uptake of SYTOX Green fluorescent (eitationemission= 504/523 nm

Molecular weigh = 600 Dg, by means ofhe fluorescence signaitensity.

Signal collection

On the single channel FCFM images, cell nuclei present as high intensity spots with a circular
shape whose radius typically ranges from 4 to 10 g¢ims(ipplementary data, viddg video

2, and video B Therefore, the spatial mean signal for each nucleus was calculated from a 4
pixel-radius (4.8 um) circular ROI, centered on the interaigyghted center of mass of the

nucleus.

Evaluation of thempact ofnucleusdisplacemenbn the measured signal

NumericalsimulationstMATLAB © 2010- MathWorks, USA)were conductetb estimate the
impact ofnucleus displacemewin the measured sign@s wasobserved experimentallyhe

cell nucleus wasnodekd to have a Gaussian fluorescence signal prafite a full width at
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half maximumranging from4 pmto 10 um The sgnal loss ratiovas calculatedrom the2-
dimensioml convolution of thenucleus signal with a stationary Zlimensioml circular
window function representing thetationary ROI (Fig. 1a), as a function of nucleus

displacement

Singlenucleustracking

Automated singlaucleus tracking (SN') wasimplementedo takeinto accountell motion

and improve the accuracyof signal intensity monitoring. In accordance withthe general
frameworkdescribedby Meijering et al[18], the SNT methodology includgaeprocessing
of image datadetection ofindividual nuclei,definition of frameto-frame correspondenas

nuclei andanalysis of theesults.

SNT xlmage data preprocessing

Data posfprocessing was conducted withstomscriptsand standard routinesgritten in IDL

8.0 (Exelis Visual Information Solutions)TIFF-format images were extracted from
proprietary .mkt imagegMauna Kea TechnologiesParis, Frange First, frames were
resampled to -kecond temporal resolutidrom the acquisition frame rate (i.e. §rames/$
set by defali by the acquisition hardave by averaginghe frames acquired within 1 second
This improvedthe Signalto-Noise Ratio (SNRpf the data while decreasing the calculation
time and the memory usage required by the S8&cond, e first frame acquired before the
US exposure was subtractesh a voxelby-voxel basisfrom the rest of the framet
compensate for the systematic btasi®d by fiberbundle autefluorescenceThen, theSNR
was further improvedy means ofinsotropic fltering using theSmallest Univalue Segment
Assimilating NucleugSUSAN) filter [19], in order to detect nuclei at an early stage of signal

enhancementThe SUSAN filter only was applied on the image background\ 20-pixel



squareGaussian kernebith a 2.5pixel standard deviation was applieghich is substantially

less than the apparesize of the cell nucleen FCFM

Single nuclastracking individual nucleisdetection

The cell nuclei wereletectedusingtheradial symmetry transform (RS&)gorithmfrom Loy
et al.2003[20][21]. First, the normalizedgradient image was computegt convolution with
the Sobelkernel The RST themrountsthe number ofjradient vectors potimg at the pixel of
interestby evaluating its neighbors oitiy-one this counting was restricted soradius range
setfrom 3 to 8pixels,i.e. from4 to 10 um, andweighted by the gradient image magnitude
The normaliation parameter (Kappa) was set at 9.9, in accordance with Loy[2DRlto
compensate for the Higr probability forlarge cell nuclei tohave a greater number of
gradient vectors pointing &t based on size onlyrheradial strictness parameteklpha) was
set at 1to allow imperfect circular shapes of the nucl@iradial symmetry matrixvasthen
computed for each nucleus radius within the rangeEsethsymmetry matrixwasconvolved
by a 2dimensional Gaussian kernel in ordetgavea singlecenter of mas#r each nucleus.
The full width at half maximum of the Gaussian kernel getstoa quarteof the radiusof the
nucleus Finally, the resulting radial symmetry matricesere combinedin a single 2-D
symmetrymatrix integratingthe information fromall scaleq20].

A thresholding allowectcreating a binary mask for eadrame in order @ locate the cell
nuclet A 100-unit threshold wadound togive a balance between detect nuclei at an early
stage, and minimizing the number of merged nucleall datasetsNote that the nuclevere
not trackeduntil the corresponding-B symmetry matrix reached the threshold detection
limit. For each frame each detectedregion could then be labeled The corresponding
coordinates of eacimtensityweighted center of mass were calculat@addused aghe input

for the SNT algorithm



SNT +Frameby-frame nuclescorrespondence

Sincethe acquisition frame rate was high compared to the cell mohenitdrativeclosest
point method (ICP)[22] was employed to determine the frameby-frame nucleus
correspondencalNe will use a analogy with thédamily treeto describethe link between a
nucleus in one frameU H 1 H U U Hilge pMarBntCald thecorresponding nucleus the next
frame 3 W &hifd ". This correspondence wagtermiredin time-reversedorder toensurethe
presence of all nuclei ithe startingframeof the SNT, i.e. the last frame of the sequence
Two scenarios werethen addressedthat introduce ambiguitynamely 3P H U J LaQd ”
3VSOLWWLQJ’

30 HIWg" nucleiin close proximity of eaclotherthat are not resolvable angnger are
detected as a single spot; This hampersaveling thedrameby-frame correspondenck this
scenario(Fig. 2d), the nuclei detected in frame-1 aredetected as single region in frame. t
Nuclei involved in merging were detected by first listing nuclei without child (step 1).
Merging partners were then defined using a forward ICP (stepa2Zh Eheagewas finally
discardedsince the measured signal evolution for these nuclei was potentially inaccurate, and
might bias theestimationof the population kinetic parametdsiep 3).

BSplitting > This scenariagFig. 2b), arises from the fact that two childrefreported inframe t
1) can possiblypelinked to an identical parem frame t2 (step 1) Thiswill be an extremely
rare eventsince a nucleuss unlikely to divide during the acquisitionAn ICP allowed
determinirg the real child (step 2) andhe link between the parent and togher child was

discardedstep 3)



Verification step by the operator

In line with Meijering et al.[18] an operator verification step was implementeathBlogical
casescan be linked to somigpical scenarios, which are listed belowith the consequence
for the signal behavian parenthess: nuclei entering the field of view during the acquisition
and merged nuclei that split during the acquisifituorescence signal enhancemeanturing
late in the signal profi)e multiple clusterednuclei that are detected assingle nucleugrom
the beginning to the end of the acquisition (oscillating fluorescence signal profile thee to
position fluctuations of the intensiyeighted center of masspathological casesvere
identified by reviewingthe video provided for each datageft supplementary dataideo 1,
video2 andvideo3) as well aghe signal profileover time of the individuahuclei

The remaining nucleus subpopulatservel as the basis for the statistical analysis.

Single nuclastracking tResults analysis
After nucleus trackinganalysis of the flugescence signal intensity over timas performed
to extract parameters describing the uptake kineficswo-compartment model, with an
extracellular and an intracellular compartment separated by a plasma membrane, was
proposed to analyze the fluorescence signal enhancement of the individuaFaeelthis
system the timedependence of the mean intensstgiven by:

+P L #s F AP?liql),
whereA is the asymptotic signal enhanceménthe time of fluorescence signal onset, &nd
the transfer rate constant. These kinetic parameters were obfaomeda Levenberg
Marquardt leassquardit appliedto the fluorescence intensity of individual nuclei over the 9
PLQXWH VHTXHQFH 7KH JRRGQHVV RI WKH ILW ZDV HYDOX
coefficient (F). The model was consideradcuratevhen fwas greater than 0.9%5he signal

enhancemenrdand uptake rate constants were derived fthismfit. For the saturation signal,



values were normalized to the mean saturation signal with tracking, in order to evaluate biases
and heterogeneityFluorescence signal onsdtowever,was defined as the timehen the
nucleussignal exceedethe noise level by fivestandard deviationsThe standard deviation
was determinedfrom a 5second baselinacquiredbeforethe onset ofthe US exposureln
order to circumvent the detection limithich mae it impossibleto assess the signal le\adl

the very early stage of the signal enhancement, the ROIs confputdee newly detected
nuclei were propagated at the same locatahe previous frames, for a more accurate signal
monitoring (Fig. 4, blue profile). The propagation of these ROIs only served for the
assessment of the signal onset.

Data are presented as median (interquartile raggeumber of samples)For each
pharmacokinetic parameter, the distributions with and without tracking besn compared
using the Wilcoxon matchephirs signed rank tesThe impact of theverification by the
operatorhas been evaluated usititge unpaired nonparametric Makivhitney test and was

considered significant when p < 0.05.
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Results

Impact of ell nucleusdisplacement on the measured signal

The proposedumerical simulation showed thaticleusdisplacement significantly influences
measured fluorescence intensity, due to poor overlap of the region of interest (ROI) used for
signalsummation and the actual location of the €Elg 1a). A 20% signal loss for a 4 pm
FWHM nucleus and 25% signal loss #®110 umFWHM nucleusare seen whethe nucleus
movesby as little as2 um (Fig. 1b). For bothappareninucleussizes the estimatedsignal is

reduced by 70% if cells are shiftbgt 5 um from their initiaposition

Three videos(cf. supplementary data, video dideo 2 andvideo 3) show the fluorescence
signal enhancement due to Wediated cell uptakend subsequemNA bindingof SYTOX
Greenintercalating dye The center of each yellow circle is the intensigighted center of
mass of thaletectedcell nucleus; the motion of each cell nucleus is clearly noticeable by
following the position of the yellow circle changing duringthe 9minute video. The
distribution of the maximumnucleus displacementin this timeindicates that 89% of the
remaining nucleus subpopulatign=37Q after removal of meligg cases and pathological
cases detected by the operatwa) a displacementonger than2 um, underliningthe need for

cell nucleus tracking.

Nucleusdetection analysis

Thar approximately circular shape alled detecing the cell nucleiby applyingthe RST
algorithm, without prior knowledge of where the cells are located in the field of view. The
RST detected 227, 133 and 168 cell nuclei in the experiment 1, 2 and 3, respectiv8)y (Fig

thus 528 cells in totalOf these21%were cells thatnergedduring the time serie@-ig. 3). In

11



addition, 9% were excluded by the operator because they met one of the rejection criteria

mentionedabove.

Signal profiles

Representative signal profil€¢sig. 4) show a remarkable difference between processing with
and without tracking. First, since thecleiare detected at the end of the time series and then
tracked inthe time-reversed sense, the signal collected at the end of the sequanhtee
samewith or without tracking Then, going backwards in time, nucleus motion induced
artificial signal loss when the ROI remainetiationary, whichcan be clearly seen by
comparison with the curve where the ROI stayed locked on to the cellgHid. This ROI

trackad the cell nucleus until a detection limit

The onsebf fluorescence signal enhancememass detectedoticeablyearlier wherthenuclei
were tracked(Fig. 4a-d). An example of enhancement that well matched the- two
compartment model is shown in Fig. 4a, in this casepitake time constart’k = 66.5s (=
0.985). Tracking alsoprevented the signal monitoring frosignal artifacs caused bythe
arrival of another nucleus in a stationary ROI (Rig). For this example, howeveahe signal
enhancement did not obey th&o-compartment modgeldespite this correction, which was
probably due to the photobleaching effdeqding to signal decay afer 5 minutes of
acquisition. Furthermoreggn exampleof a nucleugejected by the operatis shownin Fig.

4c; its signal profile showd abrupt fluctuations, suggestingy ascillating position of the
intensityweighted center of mass, duethe proximity of two cellsthatcould notbe resolved

by the RST as implemented
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Pharmacokinetic parameters

After automatic removal of the caset merging cellsas well as manuatxclusionof the

cases listed above during operator verificatitre applicabiity of the twocompartment

model was evaluated for themaining cell population, i.e. 370 nuclei. In this dataset, w
analyzed the distributiom saturation signal and uptake rate,ldk they were determined

with the twecompartment model (Figh). 93% showed a signal variation that was well
described by a tweompartmenmodel (> 0.95) (Fig.3). For all individual experiments, the
median value of the uptake time constant 1/k was lower, as well as more homogeneous with
WUDFNLQJ 1 7 0), hanwitiputtracking, § T °~ Q(Fig. 5 bottom

row). Regarding the saturation signal, the m&she mediarwhen tracking is not applied is

6% (30, n=370) (Fig5, top row.

With tracking, the detection of the uptake onseturredearlier with more homogeneous
distributions  ~ T Q W KD @ UDOPNWKRXYXW ~  (Fig. @, further
confirming tre tight relation with US onsethe difference between these situations is that a
ROl was used from the first detection the RST algorithm or from the end of the time series,
respectively.The time of fluorescence onset was detectsidg a stationary ROIlbelow the
detection limit,as described in the methods sectidt% of the nucleialreadyexpresed an

uptakeonset “after USonsetand 90%rs after US onset (Fid).

Potential for an automatedSNT

The verification step by the operator showed thahuallyrejecting nuclei of interest did not
lead to any significant differenge any of the datasets Neither in the saturation signdp =

0.53) norin the uptake ratep(= 0638) (cf. supplementary dat&ig. 1). Thus, the verification

13



step conducted by the operatoutd be skipped since it does not havgignificant impact on

the resulting pharmacokinetic paraters.
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Discussion

Assessment of pharmacokinetic parameters of damgs hydrophilic model drugsipon
plasma membrane sonoporation is of special interest in the domain-pfedidted drug
delivery. In aprevious study17], we demonstrated the feasibiligf monitoring in reatime

the USmediated intracellular delivery of a model drug using FCFM. Here, we present a
complete methodology, including cell nucleus detection and nucleus trackimgh
specifically improves the assessment of upatk@macokinetic parameters, by removing the
biases introduced by cell nucleus motion.

The cell nuclei in these FCFM datasets presestraslar bodiesvith changing diameter and
intensity with slow motion andpotentiallyhigh density e.g. 200 nuclei her In contrast to
the majority of articleseporting onsingle particle trackin§l8][23][24], whose purpose is to
assess motion aspects of a population of single particles, i.e. motility, diffusivieboruty
[24], the key information waim tocollectby usingthe tracking algorithm is the fluorescence
signal of each cell nucleus of the imagehis then allows calculatinthe uptakekinetics of
SYTOX Green fluorescent dythe model drug useiah this sonopaation study.To ensure a
convenient workflow and potentially automate tiaga analysigntirely, the whole processing
chain was implemented isingle programmingenvironment from the preprocessing of a
high number of images to the assessment of-dwopartment based pharmacokinetic
parameters for each nucleus. To our knowledlge,singleparticle tracking tools available
online[24] do not fulfill the requirements of ogpecificapplication

Temporal averaging and anisotropic (SUSAN) filterprgceded ucleus detectignn order

to improve the sensitivity, especially for the early signal enhancement directly after the onset
of dye uptake, bymproving the SNR of the fluorescence imageSell nuclei were detected
by means of the RShased algorithnj20][21]. Quality of nucleus detection is crititand

determines the tracking robustness, are.accurate fluorescence signal monitoridgice our
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investigation focuses othe monitoring of aluorescencesignal enhancem&nRST-based
nucleus detection overcoméhe two following shortcomingsl) by means ofspatial
intensitybasedgradient imageswe canuse a singleset of RST parametefer this sequence
even assignal evolved?) neighbor counting of the RST is welbapted to the detection of
circular entities and thussuitable forcell nuclais detectionin our application. These two
properties of the RST enablddtection of nuclei at an early stage of model drug uptatte

a single set of detection parameters

From the matrix computed by the RS¥e set an arbitrary threshabesh each framén order to
compute a mask and identify each nucleus. This threshold was &elatace the early
detection of nuclei while minimizing theumber of merimg casesThe spatial resolution of
the FCFM microscopei.e. 3.9 umand its 600x500 pnfield of view allowed us to monitor a
cell population comprisinggver ahundred nuclei after automatic removal of the merging
cases and verification by the operator.

Despite theslow motion of the nuclei all over the sequence, we demonstratedetafor
nucleus trackingThe motionof a 4 pm-diameter nucleughat is not trackeded to a 20%
signal lossas soon as imoved by 2 pm which was the case for 88% of the nuclei
contributing to the statistical result§he cell nucleus trackingras based on the ICR2]
method, since the acquisiti frame rate was higbnough forthe mobility of the nuclei
Trackingand analysisequired themanagement ofppearing cell nuclei anthergednuclei
that are identified asneby the RST. Partlyelated to the spatial resolution of the acquisition,
the trackingsoftwarewas not capable afeparately detectingucleithat weretoo close to be
resohed from the beginning to the end of the sequeridds required a verification step
performed by the operator. Tleasesdentified by the operator did not exceed 8% (5.3, n=3)
of the total set of nuclei, and these hadnansignificant effect on the resulting

pharmacokinetic parametefp > 0.05) allowing the automation of the pogirocessing
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without any operator verifi¢eon. In addition, a way to validate the nucleus tracking was the
continuity of the signal profiles for the ngrathological cases.

Nucleus trackingallowed us to collectthe fluorescence signabf each nucleusmore
accuratelypy calculating the spatial mean of the signal-pixel radius collection circles, i.e.

41 pixels.This is an improvement oveour feasibility study[17], wherepharmacokinetic
parameters were derived frahe maximum signal of each nucleusthout any trackingThe
accuracy of this signalefinition was rather limited sincé decreaseds soon as the pixel
containing the maximum signal, following the motion of the nucliedisthe stationary ROI.

The final results involved 370 nuclédf these, 93% had a signal enhancentleat was well
described bya twocompartment model. Fowvery pharmacokinetic parameter, each dataset
showed more homogeneous values with lower medians when the trackimuer@sned
Derived from a more accurate signal monitoring, the representatival gigfiles (Fig. 3)
clearly show more pronounced curvatures with tracking than withdegteasmg the uptake
time constantl/k, andthus the median ithe cell population § ~ ZLWK, ¢otdgaredl L Q J
WR T ~ ZLWK mReVansdtRatidrisignalvasfound, also due to the same reasan
+6% biaswas introducedwhen trackingwas not performedIndeed, monitoring of the
fluorescence signal at the early stage of the US expasasamproved by applyinghe
SUSAN filter and he RSTbased nucleus deteatioleading to a earlierdetection of the
onset of SYTOX Green uptake by cells " ZLWK WUDFNLQJ FRPSDUHG
tracking.

This postprocessing methodologgllows us to accurately assess the pharmacokinetic
properties of more than one hundred of cell nuclei densely present in an image sdquence.
combination with an imaging system with higher resolutitwe,detection and the tracking
steps of this methodologgould potentially also have value for analysis @.g. molecular

motors[25] or endocytic vesiclethat alsopresent a circular shapg The diameter of the

17



entities to detect can be setaar pipeling which makes this detection algorithm extensible

for other applications

Here, we did not take the photobleaching effect into accdtwdluating its effect on the
resulting pharmacokinetic parameters could be consideredsimg a threecompartment
model, with a third compartment emptying the second compartment with a single exponential

decay[26].
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Conclusion

In conclusionwe established a complete ppsbcessing methodology, including cell nucleus
detection and nucleus tracking, and demonstrated that this improved the accuracy of the
uptake pharmacokinetiparameters assessed ipp@ulationof more than one hundred of

cells With the application of the trackin@3% of the 370 nuclei showed a fluorescence
signal variation that was well described by a-wemnpartment modeThis study extendshe

proof of concept ofdesigning arin vitro setup for theeaktime monitoring of a US-mediated

model druguptalke proposed in Derieppet al. [17]. This setup, together with its pest
processing methodology, help decipher kinetic aspects ofdd8 microbubblenediated
plasma membrane permeabilization, whose knowledge is of spaeiastin drug delivery

of hydrophilic and intercalating anticanceyeats.
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Figures
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Figure 1. Impact ofnucleusdisplacement on the measured sigaakchenratic of a cell nucleust its
current (blue profile) and initial position(red dashed profile) The nucleudluorescence signal is
assumed to be Gaussian with a 7 um full width at half maxinrdunitcular ROl of4.8 um radius
(blue circle)is centered on the current position. Without tracking, however, signal is collected from
the ROI at its initial position (red circle). In this case, otie blue areas accounted for ané
noticeable signal loss (green arem) incurred, compared tothe situation in whichthe nucleus is
tracked b Signal ratio £signal without tracking/signalwith tracking +as a function of the distance
separating the centers of the collection circles in each configuratidtistograms of th maximum
distance of the intensiyeighted centers of mass, for each dataset.
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Figure 4. Mean fluorescence signal intensig a function of the acquisition tinod representative
nuclei one case randomly chosen from each category in figufEh@. signal profile®btained with
tracking (solid red lines+dashed red line for the corresponding fit) benefit from a signal gain with a
higher sensitivity to the curvature of the exponentiall an earlier detection of the signal onset,
compared tahose obtained without trackingolid black lines)a Case of a includednucleuswith
r?>0.95 (Fig. 3 =dark blue subpopulation)Vith tracking N f 2= @985).b Case of a
includednucleuswith r’<0.95 (Fig .3 +light blue subpopulation)With tracking N 1 %2=U
0.896).c Case of a nucleus rejected by the operatoese were cells merged from the beginning to
the end (Fig. 2+yellow subpopulation)Vith trackingl/k f ~ 2#)0.947).d Case of a excluded
nucleusthat was automatically rejected because of merdifig. 2 +red subpopulation)With
tracking N § 2=@887).
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Figure 5. Boxplots of the kinetic parameters obtained with tiwe-compartmentmodel: Signal
enhancement asymptdtep row) and uptakdime constani/k (bottomrow) for each dataset (column
1, 2 and 3), and the accumulation of all the datasets (column 4). In each casesuhg without
tracking (eft) are compared tahose with tracking (rigt).
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Figure 6. Boxplots of the time of the uptake onset.

Supplementary data

Table 1 +Supplementary data Values of pharmacokinetic parameters for each dataset.

Pharmacokinetic Asymptotic Time of . Uptake rate
parameter signal fluorescence signal constant (1K)
enhancement Q) onset )
Condition With(_)ut With With(_)ut With With(_)ut With
tracking | tracking | tracking | tracking | tracking | tracking
Dataset 1 Median 1649 1558 ’ ’ T T
(n=168) | IR (abs/%) | 1198773 | 72863 " 132 © 47 f 1205| 7 61
Dataset 2 Median 2157 1987 ’ ’ | T
(n=95) IR (abs/%) | 112252 | 81941 © 204 © 143 T 94| § 66
Dataset 3 Median 2424 2013 ’ ’ | T
(n=107) | IR (abs/%) | 126352 | 81140 " 154 “ 105 T 120 T 60
Median 2025 1779 ’ ’ T - o
M o)® | IR (absi%) | 136667 | 63647 | 143 | ~ 105|  107| Y 66
p-value Different: < 0.0001| Different: < 0.0001| Different: < 0.0001
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Table 2 - Supplementary data Comparison of the distributions of uptake rate 1/k before and after

removal of the cases rejected by the operator.

Uptake rate
Uptake rate 1k constant (1k)
with tracking Before After
removal | removal
n 183 168
Dataset 1 Median ’ ’
IR (abs/%) | =~ 68| ~ 61
n 105 95
Dataset 2 Median 20 19
IR (abs/%) 36/69 "32/66
n 130 107
Dataset 3 Median 24 T
IR (abs/%) | 41/70| § 60
n 418 370
Median 1 - T -
All datasets | IR (abs/%) | 34/71| 1 66
Non significant
p-value 0 =0.638

AEODO=aRecd

Note: the percentage of interquartile range is calculated as follews ; L 10004
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Figure 1 - Supplementary data.Comparison of the distributions of uptake rate 1/k before and after
removal of the cases rejected by the operator.
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