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Amultiresolution approach with
method-informed statistical analysis for
quantifying lymphatic pumping dynamics
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Despite significant strides in lymphatic system imaging, the timely diagnosis of lymphatic disorders
remains elusive. This is driven by the absence of standardized, non-invasive, reliable, quantitative
methods for real-time functional analysis of lymphatic contractility with adequate spatial and temporal
resolution. Here, we address this unmet need by integrating near-infrared fluorescence
lymphangiography imaging with an innovative analytical workflow that combines data acquisition,
signal processing, and statistical analysis to integrate traditional peak-and-valley analysis with
advanced wavelet time-frequency analyses. Variance component analysis was used to evaluate the
drivers of variance attributable to each experimental variable for each lymphangiography
measurement type. Generalizability studies were used to assess the reliability of measured
parameters andhow reliability improves as thenumber of repeatmeasurements per subject increases.
This allowed us to determine the minimum number of repeat measurements needed per subject for
acceptable measurement reliability. This approach not only offers detailed insights into lymphatic
pumping behaviors across species, sex and age, but also significantly boosts the reliability of these
measurements by incorporating multiple regions of interest and evaluating the lymphatic system
under various gravitational loads. For example, the reliability of the peak-and-valley analysis of human
lymphatic vessels was increased 3-fold using the described approach. By addressing the critical need
for improved imaging and quantification methods, our study offers a new standard approach for the
imaging and analysis of lymphatic function that can improve our understanding, diagnosis, and
treatment of lymphatic diseases. The results highlight the importance of comprehensive data
acquisition strategies to fully capture the dynamic behavior of the lymphatic system.

The lymphatic system is vital for themaintenance of tissuefluid balance and
immune integrity in the human body1. Despite this, our understanding of
lymphatic function has been neglected relative to other organ systems.
Lymphedema is a lymphatic disease marked by abnormal accumulation of
fluid in tissues. Lymphedema affects around 7million Americans and leads
to infections, chronic pain, loss of limb function, and lymphangiosarcoma2,3.
Monitoring of lymphatic function and treatment response in patients with
lymphatic diseases is hindered by a reliance on using disease signs for

diagnosis. At present, lymphatic diseases such as lymphedema cannot be
diagnosed until the disease has progressed enough to develop early clinical
signs, such as increased limb volume. While several methods such as lym-
phoscintigraphy, magnetic resonance imaging (MRI) lymphangiography,
X-ray lymphography, fluorescein microlymphangiography and near
infrared fluorescence (NIRF) lymphangiography are available at specialized
medical centers to evaluate lymphatic anatomy and rudimentary lymphatic
function, there are no robust, standardized techniques for imaging real-time
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lymphatic contractility used in current standard medical practice4. While
NIRF lymphangiography is the newest of these methods and has the most
promise for measuring lymphatic contractility, there is both a lack of
standardization among different camera systems5, and a lack of standar-
dized analysis methods to optimize the functional data derived from the
video data obtained with this technique. The lack of diagnostic capability
and visualization of the lymphatic system prevents the timely diagnosis of
lymphatic disease and impedes research for the development of novel
treatments and routine monitoring of lymphatic function. Thus, there is a
pressing need for improved lymphatic imaging and quantificationmethods
to enable prompt lymphedema diagnosis and treatment, which has
promptedARPA-H tomake overcoming this clinical unmet need a priority.

Collecting lymphatic vessels are comprised of tightly interconnected
lymphatic endothelial cells (LECs) and lymphatic muscle cells (LMCs). The
contractile unit of lymphatic vessels—the lymphangion—is the region
between intraluminal valves that pumps as a result of spontaneous con-
tractions of LMCs6,7. The unidirectional valves counteract lymph backflow
when there is an opposing pressure gradient, which is affected by body
positioning relative to gravity8,9. Unlike the cardiovascular system, in which
intravenously introduced contrast travels to the heart, and is circulated
through the entire cardiovascular tree, the unidirectional valves and distal-
to-central flow of the lymphatic system mean that a central injection does
not backfill and illuminate the lymphatic network in normal conditions,
though dermal backflow can be observed in abnormal states10. Lymphatic
imaging modalities have evolved to take advantage of interstitial or intra-
nodal injection of tracers, which then travel to local collecting lymphatic
vessels11, but do not highlight the entire lymphatic vasculature. Measure-
ment and quantification of lymphatic contraction remain challenging,
prompting ongoing evolution of innovative methods to characterize this
fundamental, physiological vascular system.

Traditional lymphoscintigraphy, while considered the gold standard
for lymphedema diagnosis, involves patient exposure to ionizing radiation,
requires specialized imaging facilities and personnel, and affords only lim-
ited spatial resolutionof the local lymphaticnetwork12–14. Thismethodoffers
some insight into lymphatic function, as decreased uptake or characteristic
distributions of tracer at the endpoint of the study can occur in advanced
disease.However, early lymphedema is not readily detected15. The approach
does not rely on real-time measurement of lymphatic pumping, but rather
pre- and post-snapshots of lymphatic network filling to calculate a lymph
transit time, fromwhich a large decrease in function can be inferred4.While
X-ray lymphography and magnetic resonance lymphography afford much
higher spatial anatomic resolution, like lymphoscintigraphy, they do not
provide information about real-time lymphatic contractile function.
Fluorescence imaging with visible light wavelengths in vivo is limited by
signal-to-noise attenuation from tissue scattering, absorption, and auto-
fluorescence, which prevents imaging of structures more than a few milli-
meters deep. In preclinical models, this depth limitation can be somewhat
bypassed by removing the skin overlying the area being studied16, which is
not translatable to a human bedside diagnostic tool.

NIRF lymphangiography—which utilizes excitation light greater than
a wavelength of 750 nm—does not require skin removal and allows for
greater depth of tissue imaging (3–4 cm) with less autofluorescence com-
pared to fluorescence imaging with visible wavelengths17,18. Studies from
2005 to 2008 first reported its use in humans and describe the injection of
indocyanine green (ICG) intradermally, which spreads locally to collecting
lymphatic vessels in an anatomic region, such as a single limb19–22.While the
use of ICG-based NIRF lymphangiography has expanded, it remains used
primarily for anatomicmapping inhumans23.NIRF technologyandanalysis
has also been developed and investigated in preclinical models24, primarily
in mice and rats. Lymphatic contractility has been quantified via NIRF
lymphangiography by plotting signal intensity in a small region of interest
(ROI) over time. These studies have been used for many wide-ranging,
exciting applications, including detecting differences in lymphatic con-
traction rates between wild-type mice and those bearing B16 lymph node
metastases25, untreated lymphatics in rats and those exposed to topical nitric

oxide26, normal and high salt diet in mice and rats27, and swine getting
manual lymphatic drainage compared to baseline28.

Amajor challenge in the application of these techniques is choosing the
region of interest (ROI) for analyzing the contractions. The assignment of
ROIs remains a subjective manual process and there is no standardized
method concerning the placement of ROIs for analyses, making it poten-
tially difficult to compare results fromdifferent studies. Pulsatile lymphflow
and themovement of “packets” of NIRF dye in the lymphatic vessels lead to
increasing and decreasing fluorescent intensity over the time of a contrac-
tion. The resulting time series data can be analyzed by identifying local
minima and maxima (termed peaks and valleys). The evaluation of the
frequency and amplitude of signal minima is the current state-of-the-art in
the lymphatic field for extrapolating information on lymphatic contraction
frequency and strength in preclinical models25,26,29.

Lymphatic research has taken steps towards quantifying human
NIRF lymphangiography, and several groups have applied a similar
approach to human NIRF lymphangiography and quantification, but
with mixed repeatability30–32. For this reason, there is a pressing need for
ongoing improvement in analysis methods for the quantification of
lymphatic contractility measured by NIRF lymphangiography in pre-
clinical models. This would enable translation to human studies using
similar methods.

In this study, we designed aworkflow and developed quantitative tools
to capture the different components that describe lymphatic function
measured by NIRF lymphangiography. In our workflow, we consider
multiple ROIs, exposingmice to various positions and loading conditions to
unveil differences in lymphatic pumping behavior in both adult and aged
mice of different sexes.We analyze signals using traditional peak-and-valley
analysis, as well as multi-resolution wavelet-based techniques, to evaluate
lymphatic pumping.Theuse of several ROIs is crucial for being able tomake
multiple measurements simultaneously from a single subject and increases
the reliability of the measured lymphatic contractility. We also designed
linear mixed models to account for systematic and intergroup variabilities.
Our technique suggests that exposing lymphatic vessels to different loading
conditions, along with using multiple ROIs, better reveals nuances in
lymphatic pumping function.Our image processing and statisticalmethods
were also applied to human NIRF data. This work lays the foundation for
methods needed for future studies in humans to establish normal ranges of
the parameters we study, which could then be applied in the future for
disease diagnosis. This work establishes foundational methods for future
human studies to more accurately define normal clinical parameter ranges
for lymphatic function. These samemethods could potentially be applied to
disease diagnosis in the future.

Results
Workflow for data acquisition, signal processing, and statistical
analysis for improved quantification of lymphatic pumping
One limitation of current methods, including the peak-and-valley method,
is that irregular contraction patterns are not distinguished from regular
contraction rhythms of the same time-averaged frequency. This limitation
can introduce variability in ultimate frequencies measured when only short
recordings are analyzed and also ignores what are likely important phy-
siological states of lymphatic contractility. Our study proposes that an
essential concept to make in vivo lymphangiography a technique that can
give meaningful, reliable results, with the ultimate goal of human transla-
tion, is to collect repeatedmeasurements from the same subject, to measure
instantaneous frequencies and other contractility parameters, and to study
the system in different states of behavior. Dynamic physiological systems
need to be studied in a range of states to capture their essential properties.
We chose gravitational stress as the impulse response system to explore the
range of behavior of the lymphatic vessel network. In previously collected
human ICG lymphangiography and murine intravital epifluorescence
lymphangiography, data from different gravitational stresses was not
available, but the power of repeated measurements and time-frequency
analysis were also shown using our methods.
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For mouse NIRF lymphangiography gravitational studies, a custom-
built frame around the NIRF imaging apparatus allowed for complete
positioning of themouse in different orientationswhile keeping the distance
between the lymphatic vessels and excitation source and emission collection
instrumentation exactly the same (Fig. 1A). For all data streams, movies
were processed in MATLAB using custom code. ROIs were selected and
denoised. In each ROI, the signal intensity was plotted with respect to time,
creating a “peak-and-valley plot.” Local minima and maxima were identi-
fied, and frequency was calculated by the simple division of cycles (or
valleys) per unit time,while amplitudewas the total height of the signal from
a maximum to a minimum. Note that this also relies on a user-selected
threshold for amplitude minima for the peaks to distinguish a true con-
traction from the noise in the data in the calculation of frequency. This is the
traditionalmethod bywhich intravitalNIRFhas been analyzed, oftenwith a
single or few subjectively “best” ROI(s) chosen by the experimenter for
analysis. Further, the technique is sensitive to the user-selected threshold
assigned for amplitude minima (Figure S1).

To advance these methods, each ROI underwent wavelet analysis to
determine the instantaneous contraction frequency over time (Fig. 1B).
Mean instantaneous frequency, instantaneous frequency standard devia-
tion, andamplitude arewavelet-basedmetrics that canbeobtained fromthis
analysis. Although the standard deviation of frequencies has been reported
for data generated by peak-and-valley analysis, it is fundamentally a dif-
ferent parameter from the instantaneous frequency standard deviation
described here. The standard deviations of frequency for the peak-and-
valley analysis are derived from comparing multiple 300 s recordings, each
yielding a single frequency. The wavelet analysis, which calculates the
instantaneous frequency, gives a continuum of frequencies across the time
of the recording. Therefore, there is a standard deviation for the instanta-
neous frequencies in a single recording. The greater the standard deviation
in thewavelet analysis, themore “on” and “off” behavior is present, which is
not captured by the peak-and-valley method.

For mouse NIRF and human ICG lymphangiography, we next used
statistical methods to determine the significance and reliability of our

measurements (Fig. 1C). For eachmethod andmeasurement type, variance
component analysis was performed to determine the sources of variability
within the data (Supplementary Tables 1 and 2). Specifically, our statistical
analysis revealed that the variability within individual mouse subjects
accounts for 9–56% of the total variability in the measured parameters of
lymphatic function. For almost all measurements, mouse-to-mouse dif-
ferences are theprimary sourceof variability in thedata.Thiswas larger than
the variability attributable to age, sex, ROI, position, or interaction terms
between these parameters (Supplementary Table 1). Exploration of these
interactions helped determine the linear mixed model (see “Methods”;
“Statistical analysis” and Supplementary Table 1). Further, the variability
within human subjects accounts for 25–84% of the total variance of our
human data metrics.

Traditional peak-and-valley and wavelet time-frequency ana-
lyses reveal irregular patterns of lymphatic pumping in bothmice
and humans, while measurement reliability improves with the
inclusion of more ROIs
NIRF imaging data was obtained from both mice and humans (Fig. 2A, B).
In signal processing, ROIs were sequentially tiled along the length of the
lymphatic vessel. Due to differences in tissue scattering and equipment
resolution, 8 ROIs were used in recordings from mice and 4 were used in
human recordings. Peak-and-valley plots of the imaging data reveal that
fluorescence from the adult mouse has a continuous waveform that is both
fairly regular and continuous, with a mean frequency of 16.31 ± 0.81min−1

(Fig. 2A–C). The wavelet analysis, which provides the instantaneous fre-
quency of the signal, likewise shows a consistent instantaneous frequency
with a mean of 18.18 ± 0.78min−1 for mice. On the other hand, the human
peak-and-valley plot, while sometimes regular (Fig. 2B), reveals frequencies
that are an order of magnitude slower than the mouse (3.21 ± 0.26min−1

peak and valley and 1.91 ± 0.2min−1 wavelet-based mean of signal fre-
quency). Unlike the continuous waveform of the mouse, the human
waveform shows distinct peaks followed by a silent inter-peak interval (see
peak/valley representative example, Fig. 2B). This is reflected in the

Fig. 1 | Image acquisition, signal processing, and statistical analysis of real-time
in vivo lymphatic pumping. A Inmice, after footpad injectionwithNIRF dye, NIRF
lymphangiography is performed with the mouse and microscopy setup in three
prone positions: baseline, afterload, and offload. In humans, after ICG dye injection
in the interdigit webbed space, a NIRF handheld device is used to excite and image
lymphatic vessels with the arm in a neutral position. In murine epifluorescence
microscope lymphangiography, FITC in the hindlimb with skin removed is imaged
in a single upright position. B Signals are processed in MATLAB by systematically
selecting a row of ROIs, denoising, and creating a peak-and-valley plot. From the
plot, classical amplitude and frequency are calculated. Time-frequency wavelet

analysis is applied to the peak and valley plot, generating wavelet-based mean
instantaneous frequency, instantaneous frequency standard deviation, and ampli-
tude. C For each type of experiment, a variance component analysis is performed.
Based on this, experiment-informed fixed effects and random effects in a linear
mixed model are determined, which is then used to determine statistical differences
among group means with Tukey’s Honestly Significant Difference for posthoc
pairwise comparisons. Decision theory is used to calculate a reliability coefficient for
each metric in each experiment type to determine how many measurements per
mouse or human are required for a reliable measurement.
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instantaneous frequency plot from the wavelet analysis, indicated by a
region of non-zero frequency (Fig. 2B) followed by a near-zero frequency
between spikes.

While the frequency obtained by peak and valley versus wavelet ana-
lysis for the human data is one order of magnitude slower than for the
mouse, and the peak and valley frequencies are consistent with wavelet
analysis frequencies within each species (peak and valley 18 ± 0.78min−1

and wavelet 16 ± 0.81min−1 for mouse; peak and valley 1.9 ± 0.2min−1 and
wavelet 3.2 ± 0.26min−1 for human), the wavelet instantaneous frequency
standard deviation metric reveals much higher variations, capturing the
irregular stop-start nature of the human lymphatic vessel contractility
compared to mouse [instantaneous frequency normalized SD (instanta-
neous frequency SDmin−1/mean frequencymin−1 * 100) human 78.6 ± 4.3
vsmouse 25.3 ± 3.2] (Fig. 2C). Additional parameters captured in the peak-
and-valley analysis include the mean intensity of the ROI, which is the
normalized average intensity within the ROI (0.42 ± 0.01 a.u. for mice vs.
0.38 ± 0.02 a.u. for humans). The peak-and-valley amplitude, defined as
peak prominence, is 0.04 ± 0.01 a.u. for mice and 0.05 ± 0.01 a.u. for
humans. Similarly, the wavelet amplitude, quantifying the strength of the
instantaneous signal, is 0.04 ± 0.004 a.u. for mice and 0.02 ± 0.003 a.u. for
humans.

While Fig. 2A, B illustrates the behavior of a single ROI, the lymphatic
vessel is a chain of lymphangions and multiple ROIs can be tiled along the
chain for analysis. There is variability in lymphatic contraction frequency,
amplitude, signal intensity, and instantaneous frequency standard deviation
between different ROIs in both mice and humans (Fig. 2D), indicating that

different ROIs may capture different contractile behavior and that the
subjective choice of a single ROI along a chain of lymphangions may skew
results or fail to capture part of the functional behavior.

Using a lymphatic tissue phantom, we confirmed that our NIRF
imaging system did not cause the observed differences between ROIs
(Supplementary Figure S1).We also testedwhethermouse skin covering the
phantom contributes to the instantaneous frequency. Variations in tissue
thickness, subcutaneous fat, and intradermal hair follicles affect signal
amplitude, but they did not introduce any contaminant frequency signals.

To investigate howmany ROIs are required for reliable quantification of
pumpingmetrics,weuseddecision theory tocalculate the reliability coefficient
for each type of measurement (Fig. 2E). Increasing the number of measure-
ments per mouse, both by increasing the number of ROIs and by increasing
the number of gravitationally different positions, increases the reliability of the
measurement (Fig. 2E). For example, wavelet frequency calculated using only
one ROI in one position has a reliability coefficient of only 0.56 and this
increases up to 0.95 with eight ROIs and three body positions. This analysis
alsohelpedus identify atwhichpoint increasing thenumber ofmeasurements
per mouse has diminishing returns. For example, for peak and valley fre-
quency, increasing the number of ROIs in a single position from one to five
increases reliability from 0.71 to 0.91, while increasing the number of ROIs
fromfive to10only increases the coefficient further to0.94, again thatmaynot
be experimentally significant at the cost of increasing analysis time.

Eachmeasurement typemust be individually considered. For example,
the measurement for wavelet instantaneous frequency standard deviation
has high variability and even with many ROIs and three positions, the

Fig. 2 | Near infrared fluorescence lymphangiographymeasurement and analysis
in mice and humans. A An example region of interest (red square) in the popliteal
lymphatic network in mice during systole and diastole. Peak and valley plot of the
ROI showing the change in signal amplitude over time. Spectrogram of the peak and
valley plot shows the instantaneous frequency over time. B An example region of
interest (red square) in the forearm of a human patient showing the valley and the
peak of ICG signal amplitude, with a corresponding peak-and-valley plot and
spectrogram at that ROI. C The contraction frequency (from peak and valley ana-
lysis), mean intensity (frompeak and valley analysis), mean instantaneous frequency
(from wavelet analysis), standard deviation of instantaneous frequency (from
wavelet analysis), and amplitude (from peak and valley and wavelet analysis) for
mouse (left column with blue dots) and human (right column with red dots)

lymphangiography (mean+/− SEM, N = 8 mice, 64 measurements, N = 5 humans,
20measurements). Mouse data are plotted only for baseline position for comparison
with human baseline position.DMeasured parameters for mouse (left) and human
(right data), for peak-and-valley (blue) and wavelet (green) methods showing
moderate variation in some parameters byROI.EThe reliability coefficient formean
intensity, wavelet frequency, wavelet instantaneous frequency SD, wavelet ampli-
tude, peak and valley frequency, and peak and valley amplitude for mouse (left) and
human (right) by number of ROIs measured for 1 (green line), 2 (red line), and 3
(black line) gravitational positions. As the values are derived from the general-
izability study described in the methods, we have extrapolated reliability up to 10
ROIs, though 8 and 4 ROIs were originally measured from mice and humans,
respectively.
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reliability coefficient curve in mice does not saturate, predicting that addi-
tional measurements per mouse beyond those performed in this study
would continue to increase the reliability ofwavelet instantaneous frequency
standard deviation. For our human data, only one position was measured.
Compared to the analogousmeasurements inmice, certainmetrics, such as
wavelet frequency and peak-and-valley amplitude, show a lower reliability
coefficient in the human data for low numbers of ROIs. However, it is
important to note that the reliability coefficients for peak and valley fre-
quency andwavelet frequency SD are slightly higher in the human data. For
example, the mouse reliability coefficient for wavelet frequency with four
ROIs is 0.82, while the human reliability coefficient is 0.68. As seen in the
murine data, increasing the number of ROIs increases reliability, with some
metrics reaching saturation, while more variable measurements do not
reach saturation evenwith 10modeled ROIs. This suggests that the number
of ROI measurements per human subject must be maximized to help
improve the reliability of measurements and may be greater than the
number needed in mice.

An important consideration is how to analyze repeat measurements in
subjectswhenperforminghypothesis testing between groups.One approach
that has been used in the past is simply to use themean of all individual data
measurements of a single type when comparing groups, or to create a single
data point for each measurement type in a subject by averaging the repeat
measurements for that subject. In both approaches, valuable information is
lost. Here, we employed a statistical approach that uses linearmixedmodels,
in which repeat measurements in subjects are preserved as unique numbers
and subject grouping can be achieved by using random intercepts by-subject
in the model (see “Methods”; “Statistical analysis”).

Changes in position induces contractility variations between
mice across different ages and sexes compared to baseline
position
We next performed NIRF imaging and analyses with mice in different
positions with respect to gravity. For each video from amouse in a single
position undergoing NIRF imaging, eight ROIs were manually selected
in MATLAB and tiled systematically in a row along the lymphatic vessel
(Fig. 3A). Measurements were then generated using both peak-and-
valley and wavelet analysis. We analyzed the datasets several times with
slight variations in the position of the eight tiled ROIs to test whether
user input for ROI impacts results, and the dataset did not substantively
change with slight variations in the tiling (data not shown). Linearmixed
effects models including ROI, sex, age, position, and some interaction
terms between these (see “Methods”; “Statistical analysis”) were used
with Tukey’s Honestly Significant Difference (HSD) test for pairwise
comparisons. In addition to the baseline position (mouse flat and prone;
Figs. 1A and 3A), we measured the mouse contractility with the head up
(maximal afterload on the lymphatic vessel) and head down (maximal
offload on the lymphatic vessel) (Figs. 1A, 3A). In the afterload position,
we hypothesized that the hindlimb lymphatic vessel would experience
the greatest load as the vessel must pump against closed valves with the
maximal column of fluid pressure above. In the offload position, the
valves point in the same direction as the gravitational force. We hypo-
thesized that themeasured lymphatic vessel would experience the lowest
load in this configuration. Surprisingly in the adult mouse (Fig. 3B),
there was no difference in contraction frequency between the afterload
position (20.3 ± 3.8 min−1 for peak-and-valley and 20.0 ± 3.2 min−1 for
wavelet) and baseline measurements (19.2 ± 3.8 min−1 for peak-and-
valley and 17.3 ± 3.2 min−1 for wavelet). Compared to baseline prone
position, the amplitude of pumping and mean intensity of the signal in
the afterload position is lower in adult mice (Fig. 3B), consistent with the
vessel being able to move less fluorescent dye in these increased load
conditions. We did not see a recovery of amplitude or signal intensity
when mice were returned from the afterload to the offload position,
though the frequency did decrease.

The behavior of old mice is different than adult mice (Fig. 3B), with
overall frequencies and amplitudes lower in all three positions for old mice.

While baseline positionmeasurements are different betweenage groups, the
stress of the afterload position reveals an even larger difference between the
groups. When faced with afterload, the contraction frequency decreases in
old mice (old mouse afterload to old mouse baseline contrast for peak-and-
valley frequencymin−1:meandifference =−2.95, SE = 0.77, p = 0.002). This
demonstrates the value of measuring the behavior of the dynamic physio-
logical systemof lymphatic vessels undermultiple load conditions to explore
the full gamut of system behavior. The decrease in lymphatic contraction
frequency in old mice under afterload conditions could be interpreted as
pump failure due to the additional load (i.e., the system is unable to com-
pensate for the increased load by increasing pumping strength). In Fig. 3B,
in both peak-and-valley and wavelet frequency graphs, the old mice (red
line) showapatternof decreasedpumping frequencywith afterloadposition
compared to baseline position, with a recovery increase in the offload
position (not all of these comparisons reach significance in difference in
Fig. 3B). We further analyzed our data by sex, which revealed additional
differences between sexes (Fig. 3C), including that the lymphatic pumping
behavior splits by sex in the old mice. Notably, the recovery of peak-and-
valley frequency in the offload position in old mice is only in female mice
(green dotted line) (p < 0.001). When male and female mice are analyzed
together, the recovery of frequency in offload is not significant. The oldmale
mice (dotted purple line in Fig. 3C) continue to decrease in frequency in the
offload position and there is a significant decrease in peak-and-valley fre-
quency between old male mice in the baseline and offload positions (peak
and valley frequency min−1 baseline to offload: mean difference = 4.79,
SE = 1.2, p = 0.0053).

Wavelet analysis of murine intravital epifluorescence micro-
scopy reveals differences in lymphatic pumping regularity not
revealed by traditional analysis methods
To test whether our wavelet analysis can be applied to lymphatic con-
tractility measurements from intravital epifluorescence microscopy, we re-
analyzed previously published intravital epifluorescencemicroscopy data in
young and old mice33 that was previously quantified using only peak-and-
valley analysis (Fig. 4A). Both traditional peak-and-valley and wavelet
analyses suggest there is no statistically significant difference in frequency
between young and oldmice. For youngmice, the valuewas 8.3 ± 0.9min−1,
and for aged mice, it was 7.7 ± 0.9 min−1, based on wavelet analysis. Simi-
larly, using peak-and-valley analysis, the values were 8.5 ± 1.2min−1 for
young mice and 5.5 ± 1.7min−1 for aged mice. The value of frequency
obtained by peak and valley analysis is also dependent on a user-selected
threshold of peak change, in this re-analysis 2 µm of vessel diameter was
used, but choosing a larger threshold would have likely led to a statistical
significance based on age. We have provided a sensitivity analysis demon-
strating this dependency in Supplementary Figure S2. Both peak and valley
techniques and wavelet analysis show that the amplitude of contractions
significantly decreases with aging (13.9 ± 1.7 µm in young and 4.5 ± 1.1 µm
in old for peak-and-valley; and 10.4 ± 1.6 µm in young and 3.6 ± 0.8 µm in
old for wavelet, p < 0.05, unpaired t-test).

While the peak-and-valley plot visually looks irregular in the oldmice,
the peak and valley plot is smooth and regular in young mice (Fig. 4B).
Previousmethods for quantifying lymphatic contractility fail to capture this
change to more irregular contraction behavior with age. Interestingly, the
wavelet instantaneous frequency standard deviation, which measures
the deviation from themean of the instantaneous frequency, is significantly
higher in the old mouse group due to large changes in the instantaneous
frequency of lymphatic pumping (1.9 ± 0.5min−1 for young vs
4.8 ± 1.0 min−1 old group, p < 0.01) (Fig. 4C). This novel parameter can
capture irregularities such as the start-stop nature of lymphatic contraction
in aged mice. In this re-analysis of prior data, only one ROI per mouse was
available, so we did not explore reliability analysis with multiple repeat
measures. In intravital epifluorescencemicroscopy, time-frequency analysis
using wavelet analysis is a powerful tool that can be especially useful in the
analysis of aged or diseased mice to capture changes in the regularity of
lymphatic pumping.
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Fig. 4 | Intravital epifluorescence microscopy. AA lymphatic vessel afferent to the
popliteal lymph node in a live mouse is filled with fluorescein isothiocyanate dye by
interdermal injection of the mouse foot and imaged on an epifluorescence micro-
scope. A single region of interest is captured and diameter changes over time are
recorded. An example lymphatic vessel in diastole and systole is shown. B Example
data in a youngmouse. The average vessel diameter over time ismeasured over 300 s.
The spectrogram below shows the instantaneous frequency throughout the

recording in an adult mouse. Below, example of diameter vs. time and instantaneous
frequency vs. time for an old mouse. CMean +/− SEM of contraction frequency
(peak-and-valley analysis), frequency (peak-and-valley analysis), amplitude (peak-
and-valley and wavelet analysis), and average diameter (peak-and-valley analysis)
for youngmice (blue) (n = 9) and old mice (red) (n = 8). Unpaired t-test was used to
determine statistical differences between group means for posthoc pairwise
comparisons.

Fig. 3 | Near infrared fluorescence lymphangiography measurement in mice
across age, sex, and lymphatic position. A An example image from a series of
pictures comprising the 5-min lymphangiography recording showing 8 regions of
interest tiled across the lymphatic vessel. The peak-and-valley plot and spectrogram
are shown in the baseline position, afterload position (head up), and offload position
(head down). B Themodel estimate+/− SEM from linear mixed modeling for peak
and valley frequency (min−1), wavelet frequency (min−1), peak and valley amplitude
(a.u.), wavelet amplitude (a.u.) and peak and valleymean intensity (a.u.) are given for

the baseline, afterload and offload positions in adult (blue line) and old (red line)
mice (N = 8 adult mice,N = 8 old mice), data collapsed across sex. Tukey’s HSD was
used to determine statistical differences between group means for posthoc pairwise
comparisons. C The same data as in (B) is shown split by sex, with green solid line
adult female (N = 5), green dotted line old female (N = 4), purple solid line adultmale
(N = 3), purple dotted line old male (N = 4). Tukey’s HSD was used to determine
statistical differences between group means for posthoc pairwise comparisons.
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Discussion
The past two decades have witnessed advancements in non-invasive ima-
ging modalities for imaging lymphatic vessels. Among these techniques,
NIRF lymphatic imaging and ICG lymphography, which are closely related
techniques, have gained popularity for applications in small animal models
of lymphatic disease and the clinical evaluation of human lymphatic dys-
function, respectively17,22,24,25,28,34. Typically, the analysis of NIRF signals is
performed by selecting an ROI and analyzing the average signal intensity
over time,which is associatedwith the intrinsic contraction of the lymphatic
vessels. Functional metrics based on peak-and-valley analysis, such as fre-
quency, ejection fraction, emptying rate, pumping pressure and fractional
pump flow, have been used to analyze NIRF signals in lymphatic
diseases35,36.While thesemetrics offer valuable insights, thepeak-and-valley-
based metrics lack temporal resolution.

Some recent studies show the benefit of more advanced signal pro-
cessing techniques for understanding lymphatic contractility. For example,
wavelet analysis has shown promise for demonstrating the entrainment of
lymphatic contraction in an isolated vessel experimental setup with applied
cyclic fluid pressure37. Wavelet analysis is commonly used for electro-
encephalograms (EEGs)38, and has also been used to analyze and extract
features of complex biomedical signals such as electrocardiograms
(ECGs)39,40 and electromyograms (EMGs)41,42. Recently,wavelet analysis has
been applied to analyze lymphatic dysfunction in a lymphedema mouse
model43, but this work focused on the dominant frequency, which was also
identifiedbyfiniteFourier transforms.Unlike Fourier transforms,which are
suitable for temporally stationary signals, wavelet transforms—with their
varying frequency and length—are better suited for signals with time-
varying components, thus providing multi-resolution characteristics that
provide insights into both temporal and frequency aspects of the signal. In
particular, wavelet analysis can be useful when there is irregularity in lym-
phatic contractility. The novel contractility parameter of instantaneous
frequencySDcancapture the irregularity of lymphatic contractility,which is
missed in traditional peak-and-valley analysis. In addition, while the peak-
and-valley analysis depends on a user-defined threshold for minimal dia-
meter changes to detect peaks (Figure S1), wavelet analysis eliminates this
need. In scenarios where weaker contraction amplitudes are anticipated,
such as in aged subjects, frequency domain techniques like wavelet analysis
could offer the advantage of eliminating potential user bias and reducing
variability across different experimental datasets. While we have demon-
strated that wavelet analysis can be applied to both NIRF and intravital
epifluorescence lymphangiography signals in mice, it is important to
recognize that some differences in measurements are expected between
these methods, even though both aim to capture intrinsic lymphatic
properties. Intravital epifluorescence lymphangiography requires surgical
removal of the overlying skin,which likely introducesmultiple physiological
changes not present in the non-invasive NIRF method, such as inflamma-
tion, tissue edema, and alterations in neurohormonal regulation.

In NIRF imaging studies of the human lymphatic system, the para-
meters of lymphatic propulsion frequency and velocity are valuable and
innovative physiological metrics that have been used for assessing lymph
flow44,45. However, the calculation of these parameters necessitates the
measurement of the distance traveled by fluorescent markers. The data
captured in NIRF imaging is in the form of 2-dimensional images, but the
fluorescence originates from a 3-dimensional lymphatic vessel that varies in
position along the Z-plane of the human tissue. Consequently, the
2-dimensional distance derived from projecting photons from all Z-planes
in the collected data overlooks changes in the tissue depth of the imaged
vessel. This omission restricts the reliability of velocity comparisons between
individuals due to the unaccounted variance in vessel depth that leads to
different angles of the vessel relative to the imaging plane. Therefore, to
ensure amore consistent and comparative analysis across different subjects,
we prioritize the frequency and amplitude of fluorescence as our principal
derived parameters, as they offer a more straightforward comparison
between subjectswithout the complexities introduced bydepth variations of
lymphatic vessels. Further, imaging vessels that reside deeper in tissue will

have more light scattering effects that can add to measurement variability
between subjects.

While most studies have used a single or few ROIs when analyzing
lymphatic contractility via NIRF imaging, our statistical analysis using a
linear mixed model suggests that such quantification may not be reliable.
Reliability coefficient testing assigns a value between 0 to 1 to a given test,
with R = 1.00 indicating perfect reliability46. Test-retest reliability in animal
research has great variability, with certain measurements notoriously
unreliable between different experimenters and groups, such as in beha-
vioral studies47,48. For clinicalmeasurements used in patient care, a reliability
coefficient above 0.9 has been proposed as acceptable49. To achieve reliable
measurements formost of our experimental parameters inmice, we need at
least five measurements from different ROIs, while more variable metrics
require an even greater number of ROIs. The measurement reliability is
further increased by studying lymphatic vessels in multiple positions with
respect to the force of gravity.

In the published literature, there is significant variability in the reported
lymphatic contractility in mice, which is a function of the measurement
technique (Figs. 3 and 4), anesthesia50, body position51, volume of contrast51,
mouse strain52, the specific lymphatic vessel (e.g., mesenteric vs. IALV) and,
likely, other parameters that we do not yet understand. Resolving the
contributionof any individual input parameter becomesmore challenging if
the analysis itself adds variability. One goal of developing the more robust
analysis tools for themeasurement of lymphatic contractilitywas to reduce a
source of experimental variability that will allow the more effective inter-
rogation of the inputs that mediate lymphatic vessels contractility.

The use of multiple ROIs is advantageous as it allows the analysis of
lymphatic pumping at different positions along the chain of lymphangions.
For our human lymphangiography measurements, the highest number of
measurements that were available (4 ROIs) did not meet clinical reliability
standards of a reliability coefficient >0.9 for our functional metrics,
demonstrating that development of a reliable bedside lymphangiography
test requiresmoremeasurements per subject than is typically performed for
ICG lymphangiography anatomic studies. We showed that decision theory
can be used tofind the optimal number ofmeasurements per subject needed
to create a reliable measurement for each experimental parameter, and that
this number differs between mice and humans, even when using similar
NIRF lymphangiography techniques. It is notable that in both mice and
humans, lymphatic contractility greatly varies between subjects, and subject
variability is a dominant factor in the total attributable measurement
variability of our experiments. This highlights the need for making mea-
surements within a single subject as reliable as possible. We showed that
increasing the number of ROIs measured and handling the repeated mea-
surements thoughtfully with a mixed model is a way to increase reliability.
Increasing reliability is key in the development of tests that can be safely
implemented in clinical decision-making. We also found that variance
component analysis can be used to identify which parameters in the data
(for example, subject number) contribute to the greatest source of variability
in the data. Variance component analysis then informs an optimal linear
mixed model for statistical analysis between different groups.

Our data also show differences in lymphatic contractility parameters
betweenmice and humans. The overall frequency of lymphatic contraction
in the human data is lower than that of adult mice, while the irregularity of
contractility as measured by normalized frequency SD is greater. There is
emerging evidence that anesthetics change lymphatic contractility50, and
notably, mice were under anesthesia during lymphangiography while
humanswerenot.While the largedifferences in lymphatic functionbetween
mice and humans are most likely driven by species differences, anesthetic
factors are worth bearing in mind and testing in greater detail in the future.

The lymphatic system needs to adjust to different fluid loading sce-
narios. Gravity is one important factor that could alter fluid dynamics in the
interstitial space and vessels, creating different hydrostatic pressure gra-
dients (e.g., in standing versus supine positions). In clinical settings, it is
common to elevate the lower part of a patient’s body above their head in
some surgical procedures, which exposes lower extremity lymphatic vessels
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to favorable hydrostatic pressure gradients and head-and-neck lymphatics
to unfavorable pressure gradients. Experiments simulating the effects of
microgravity on lymphatic contractility, along with computational model-
ing, also suggest that gravity alters lymphatic contractility53,54. In the present
study, we utilized NIRF imaging and designed a specialized microscope
fixture to investigate the effects of gravity on lymphatic contractility.
Employing aquantitative approach,we assessed thedifferences in lymphatic
function between older and younger mice when placed in various positions
relative to gravity. Our analysis indicates that exposing adultmice to a head-
up position, which maximizes the effect of gravity on the lower limbs, had
limited effect on lymphatic contractility. Similarly, placing adultmice head-
down, where gravity facilitates flow by inducing a favorable hydrostatic
pressure, does not significantly alter contraction frequency.This is likely due
to the small size of mice, which limits the magnitude of the gravitational
forces. However, older mice exhibit decreased contractility in the head-up
position compared to their baseline, revealing age-related differences in
response to gravitational changes.We suggest incorporatingmeasurements
in different gravitational positions to standard NIRF mouse lymphangio-
graphy to more fully capture the range of behavior of lymphatic con-
tractility. Furthermore, splitting the data by individual sex shows differences
in some metrics between groups, suggesting that sex is an important bio-
logical variable in lymphatic contractility quantification.

In lymphatic measurements, a persistent challenge and objective
is to minimize animal-to-animal variability55 and handle regional
heterogeneity56. NIRF lymphangiography in mice has been criticized
for its unreliability and high variability compared to ex vivo lymphatic
measurement methods57. We show that incorporating more mea-
surements per animal, in the form of more ROIs and measurements in
multiple body positions can generate highly reliable data with test-
retest coefficients of experimental parameters >0.9, considered ade-
quate even for clinical tests. In the emerging field of human ICG
lymphangiography, increasing measurements per human subject may
be what is needed to evaluate ICG lymphangiography as a reliable
clinical tool that could be utilized in clinical practice to quantify
lymphatic function in at-risk patients and those already with the
burden of lymphatic disease. Larger future studies in healthy human
volunteers are needed to establish the normal range of parameters
defined in this work by utilizing our multi-ROI approach and the
statistical methods we describe here. ICG lymphangiography could
also be a valuable tool for monitoring lymphedema progression and
evaluating therapeutic responses—particularly with enhancement in
reliability provided by our new methodology. Finally, wavelet trans-
form analysis is a powerful method to reveal irregularity in lymphatic
contraction that is not revealed by traditional lymphangiography
methods, which is especially crucial in the study of human subjects and
mice with disease phenotypes. In order to better integrate these tech-
niques in experimental or clinical workflows, image acquisition,
parameter extraction and multi-ROI wavelet analysis will need to be
automated with modern computational tools. Combined, imple-
menting these new methods can bring human and murine NIRF
lymphangiography to the forefront as a more reliable tool in testing
lymphatic function in patients and preclinical models.

Methods
Mouse model
C57BL/6mice, female andmale, 6months old,were obtained from theCox-
7 animal facility operated by the Edwin L. Steele Laboratories, Department
of Radiation Oncology at the Massachusetts General Hospital (MGH).
C57BL/6 mice, female and male, 18 months old, were obtained from the
National Institute on Aging. Both ages of mice were housed at the MGH
Center for Comparative Medicine facilities, Charlestown Navy Yard. Ani-
mal protocols were approved by the Institutional Animal Care and Use
Committees (IACUC) at MGH, and all facilities are accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC).

Imaging lymphatic pumping
A combination of ketamine and xylazine was used to anesthetize mice.
The fur was removed using a depilatory cream, and 5 μL of Dextran
(10 K), Flamma® 774 (BioActs) was injected intradermally into the
dorsal aspect of themouse paw.NIRF imaging, as previously described51,
was used to image the saphenous lymphatic vessels afferent to the
popliteal lymph node. Briefly, the imaging system is equipped with a
×6.5 Zoom lens (Navitar), a Prosilica GT2750 camera (Allied Vision
Technology), and an ICG-B emission filter (832/37, Semrock). A 760 nm
laser-emitting diode (Marubeni), filtered through a 775/50 bandpass
filter (Chroma), was used to excite the dye. To study how gravity affects
lymphatic pumping, a custom-designed microscope fixture was inte-
grated with the imaging system. This setup allowed the positioning of
mice to experience different gravitational forces during imaging. The
recordings were conducted in 5-min intervals, during which the mice
were positioned in three distinct postures: (1) prone, (2) head-up (their
heads elevated above their bodies), (3) head-down (their heads posi-
tioned lower than their bodies).

Human ICG lymphangiography
De-identified videos were obtained from Dr. Dhruv Singhal at BIMDC as
previously described. Briefly, 0.1mL stock solution (2.5mg/mL) ICG
solution (Akorn) was sterilely mixed with 2.5mg albumin and injected
intradermally. Multiple injections were introduced as previously
described23. An injection overlying the cephalic vein was introduced to
image the upper arm. Only upper arm images were used in this study. A
NIRF imager (Hamamatsu PDENeo II, Mitaka USA) was used to visualize
superficial lymphatic vessels with the ‘mapping’ mode of the device. Insti-
tutional review board approval was obtained (2021P000209) for this pro-
spective lymphangiography analysis. Consent was obtained from every
patient to perform the studies.

Signal processing
Acustom-writtenMATLABcodewasused to analyze images recordedat 10
fps. The ROIs, consisting of a 50 × 50 pixel area (mouse) or 100 × 100 pixel
area (human), were selected along the lymphatic vessels. The normalized
average intensity (0 < Intensity < 1) within each ROI was recorded at each
time point. To denoise the signal, we used a wavelet denoising technique
based on the Block James-Stein method, which yields optimal global and
local adaptivity58. The denoised signal was analyzed based on two approa-
ches: (1) peak-and-valley: frequencywas detected basedon the localminima
in the signal, and amplitude was determined based on peak prominence,
which measures how the peak’s height stands relative to other peaks. (2)
Multiresolution time-frequency analysis: the instantaneous frequency of the
signal was detected through the wavelet transformation of the signal,
identifying the wavelet component with the highest magnitude at each time
point.The instantaneous amplitudeof the signalwas also correlatedwith the
magnitude of the corresponding wavelet component with the highest
magnitude. Specifically, continuous wavelet transformation employing the
Morse mother wavelet was utilized, which is well-suited for analyzing non-
stationary signals that exhibit frequency variations over time. The average
and standard deviation of instantaneous frequency as well as the amplitude
in the instantaneous frequency and amplitude of the signal were used as
metrics for lymphatic pumping.

Detailed procedures
Mouse preparation

1. Place the mouse on a scale to weigh it. Anesthetize the mouse using a
ketamine-xylazine mixture (100mg/10mg per kg body weight)
injected subcutaneously in the mouse’s lower left quadrant.
• Note: Maintain the body temperature at 37 °C throughout the pro-

cedure using a heating pad set to 39 °C.
2. Once the mouse is in an adequate plane of anesthesia, apply oph-

thalmic ointment to both eyes, then shave the mouse’s right hindlimb
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toward the thigh initially and then in the opposite direction, toward the
footpad, for optimal fur clearance.

3. Remove any remaining hair from the right lower hindlimb by using
depilatory cream. Remove the cream after 60 s with filter-sterilized
saline, and wipe to prevent chemical skin burns.

4. Inject 5 μL of Dextran (10 K) Flamma® 774 (BioActs) intradermally
into thedorsal aspectof themousepaw,between the2ndand3rddigits.
• Note: Injections on the ventral aspect of the footpad are usually

subcutaneous rather than intradermal, take longer to fill the lym-
phatic network, and are thus not preferred.

Mouse staging

5. Place the mouse on a rectangular-shaped light-controlled aluminum
sheet in the prone position and tape down all extremities and the tail
with the right hindlimb at a 45-degree angle away from the body—
place tape along the upper back to secure the mouse for positional
changes.

6. Tape the light-controlled aluminum sheet onto the warming pad with
dual-sided mounting tape and frame the edges with tape to ensure the
sheet is pressed firmly against the heating pad.

Imaging

7. The afferent lymphatic vessels to the popliteal lymph node are imaged
using near-infrared fluorescence imaging using a previously described
NIRF setup51.

8. The imaging system is composed of a ×6.5 Zoom lens (Navitar) and a
Prosilica GT2750 camera (Allied Vision Technology) with an ICG-B
emission filter (832/37, Semrock).

9. A custom-built ring light source is used to excite the dye using 760 nm
high-power laser-emittingdiodes (Marubeni)filtered througha775/50
bandpass filter (Chroma).

10. A custom-written MATLAB code is used to analyze images. The code
is available upon request from the authors.

Positional maneuvers

11. Take a 5-min recording of themouse in the Baseline position (imaging
system flat).

12. Move the apparatus using the supportive wooden frame so the mouse
is in the afterloadposition and allow2min for equilibration, then take a
second 5-min recording.

13. Move the apparatus again to place the mouse in the offload position,
allow 2min for equilibration, and then take a third 5-min recording.

Tissue phantom
To create a lymphatic tissue phantom, an 18 cm length of PE tubing
(0.28mminnerdiameter)wasfixed to thebottomof a 60mmdiameterpetri
dish with cellophane tape. Polydimethyl siloxane (PDMS) was prepared by
mixing Slygard 184 (DowCorning) base with curing agent at a ratio of 10:1.
The PDMS liquid was poured over the PE tubing in the petri dish to a
thickness of 3mm, and then cured in an oven at 60 °C for 2 h. A 32 g needle
was inserted into thePE tubing for infusionof the contrast agent. The tubing
was filled with the same Flamma-774 NIR dye used in the mouse experi-
ments in the paper. The mouse hindlimb was prepared as in the NIRF
experiments (shaved and treated with depilatory cream from the popliteal
region to the ankle). The hairless skin was harvested, placed on top of the
tissue phantom and NIRF emission from the dye-loaded tissue phantom
was measured under no-flow conditions, with and without the harvested
skin, to assess instrument noise and tissue scattering.

Statistical analysis
Variance components analysis and generalizability theory. The pri-
mary aims of this study were to evaluate the percent of variance

attributable to each measurement facet (mouse, position, ROI, age, sex)
for each outcome (wavelet frequency and instantaneous standard
deviation, wavelet amplitude, mean intensity, and peak-and-valley fre-
quency and amplitude) and to assess the reliability of the measurements.
The attributable variance (expressed as a percentage) for each measure-
ment facet was assessed for each outcome using a linear mixed effects
model that included each facet as its own random intercept, as well as
random intercepts for all two-way interactions between facets (Initial
Model in Supplementary Table 1). Within-mouse two-way interactions
that were not crossed (e.g., mouse:sex and mouse:age) were excluded as
they could not be estimated because each mouse was only one sex and
one age.

To assess measurement reliability, the full model from above was
adjusted for each outcome to remove any within-mouse interaction terms
that had zero or near-zero variance (RefinedModel in SupplementaryTable
1). The reliability of a measurement is determined by the proportion of the
observed score variance attributable to variance among the “true” scores.
Generalizability studies are designed to isolate an object of measurement
and estimate its variation59. Using the mouse identifying number (Mou-
se_ID) as the object ofmeasurement, the simplifiedmodel for each outcome
was input into the “gstudy” and “dstudy” functions of the “gtheory”package
in RStudio. Relative error variances, an estimate of the “noise” around a
measurement, were calculated for different numbers of positions and ROIs
using variance components from the “gstudy” output. Relative error var-
iance was calculated as the sum of the variance components related to
position, ROI, and position x ROI. Generalizability coefficients, which are
akin to reliability coefficients, were then estimated for each ROI using these
relative error variances. The generalizability coefficient was calculated as the
variance component related to the facet of interest (e.g., ROI x sex) divided
by that variance component plus relative error. For a full elaboration of the
methods see Huebner and Lucht60. The generalizability coefficients were
used to assess reliability as a function of the number of ROIs and position
measurements.

Hypothesis testing. The secondary aim of this study was to examine
associations between mouse characteristics and the near-infrared fluor-
escence imaging outcomes. Descriptive statistics for continuously scaled
variables are reported as mean ± standard error of the mean. These data
were analyzed using a linear mixed effects model, with a random inter-
cept by mouse to account for the repeated nature of data collection.
Models also included a two-way multiplicative interaction between ROI
and sex, and a three-way interaction between age, sex, and position. The
following structure in R was used:

Outcome � ROI þ Sex þ Ageþ Positionþ ROI*Sex þ Sex*Age

þAge*Positionþ Sex*Positionþ Sex*Age*Positionþ 1 Mouse IDjð Þ

Model estimates are reported as predicted mean ± standard error. Tukey’s
HSD test was used to assess pairwise comparisons of the three-way
interaction between age, sex, and position, and the two-way interaction
between age and position. Results were evaluated using two-sided p-values,
with values less than 0.05 considered statistically significant.

Power calculations were conducted to illustrate the sample size
necessary to detect a statistically significant difference between age groups
(adult vs. old) for each outcome for reliability = 0.90 and reliability = 0.70.
These values were chosen to represent high and low levels of reliability in
outcome measurements. Low levels of reliability obscure the differences
between groups causing a reduction (i.e., attenuation) of observable effect
size difference. To obtain the expected effect sizes that would be observed
under these reliability conditions, the observed effect sizes and reliabilities
from each model were disattenuated and attenuated to generate theoretical
effect sizes. In this way, the effect sizes that would be observed under dif-
ferent levels of reliability could be calculated. To estimate power, a two-
sample independent t-test was used to determine the n per group needed to
achieve 0.80 power with a type I error rate of 0.05.
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Data availability
Data presented in this study are available on request from the authors
though restrictionsmay apply based on permission from theMassachusetts
General Hospital and/or the Beth Israel Deaconess Medical Center. Data
will be available on reasonable request pending permissions and data use
agreements from sending and receiving institutions.

Code availability
The code is available upon request from the authors.
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