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Knowledge of cardiomyocyte biology is limited by the lack of
methods to interrogate single-cell physiology in vivo. Here we
show that contracting myocytes can indeed be imaged with
optical microscopy at high temporal and spatial resolution in the
beating murine heart, allowing visualization of individual sarco-
meres and measurement of the single cardiomyocyte contractile
cycle. Collectively, this has been enabled by efficient tissue
stabilization, a prospective real-time cardiac gating approach,
an image processing algorithm for motion-artifact-free imaging
throughout the cardiac cycle, and a fluorescent membrane staining
protocol. Quantification of cardiomyocyte contractile function in
vivo opens many possibilities for investigating myocardial dis-
ease and therapeutic intervention at the cellular level.

intravital micoscopy | molecular imaging | cardiovascular imaging |
fluorescence | pacing

With knowledge of the molecular bases for cardiovascular
diseases expanding rapidly, a considerable void exists in

our ability to phenotype heart function at the subcellular scale in
vivo and in real time. Understanding how the fundamental unit
of myocardial function, the cardiomyocyte, responds, adapts, and
ultimately fails in response to stress, both individually and in
a network of cells contributing to whole-organ function, is cen-
tral to unraveling mechanisms of disease and designing novel
therapies aimed at molecular pathways. The ability to measure
single cardiomyocyte contractile function in vivo in the native
environment is not possible using existing techniques.
Optical microscopy has potential to assess cardiomyocyte

structure and function in rodent models (1). Intravital confocal
and two-photon microscopy have been used in combination with
fluorescence molecular imaging probes in cancer research, im-
munology, and the neurosciences to reveal biological processes
at the cellular level in living organisms (2). Application of in-
travital techniques for imaging the beating heart in rodent
models has been significantly limited by motion from cardiac
contraction and respiration, and most studies as a result have
used noncontracting Langendorf heart preparations (3–10) or
transplanted heart models (11). These model systems do not
allow investigation of cardiomyocyte biology in the native heart
under physiologic conditions. A few studies have achieved in-
travital imaging in orthotopic hearts at relatively modest spatial
and temporal resolutions that prevent visualization of subcellular
structures. Essential to these techniques are methods of macro-
stabilization such as affixing the heart with sutures (12), com-
pressing the heart with a coverslip (11, 13), bonding the heart
with a mechanical stabilizer (14), or suction-based devices (15,
16). Although tissue stabilization methods alone can facilitate
very-low-resolution cardiac imaging (e.g., microvasculature, cel-
lular recruitment, and flow), they do not achieve the necessary
temporal or spatial resolution for subcellular imaging of car-
diomyocytes throughout the cardiac cycle. To further overcome
residual motion artifacts, retrospective gating algorithms for
segmented microscopy have been explored (14), but the retro-
spective nature and poor temporal resolution of the methods

limit their application. Prospective gating schemes have also
been previously used for imaging zebrafish specimens (17).
Here we describe a microscopy method for subcellular reso-

lution and motion-artifact-free imaging of contracting car-
diomyocytes in vivo in the native mouse heart. The platform
technique is based on four innovations: (i) an optimized fluo-
rescent staining protocol to label myocyte subcellular structure,
(ii) a highly effective tissue stabilizer, (iii) a prospective cardiac
gating approach using cardiac pacing, and (iv) an image pro-
cessing algorithm, prospective sequential segmented microscopy
(PSSM), for motion-artifact-free subcellular imaging at any point
in the cardiac cycle. These advances combined enable intravital
imaging of individual cardiomyocytes with high temporal and
spatial resolution and quantification of sarcomere length
changes during the single-cell contractile cycle.

Results
Given the array of available transgenic mouse models of disease,
we sought an approach that can be readily applied to any mouse.
Prior work with two-photon microscopy in explanted hearts has
shown that sarcomere length can be quantified using fluorescent
staining of cardiomyocyte transverse tubule cell membranes
(4, 18). We therefore developed a protocol for staining car-
diomyocyte structures in vivo using the water-soluble dye di-2-
anepeq (Materials and Methods). The dye effectively labels all
cell membranes, including cardiomyocyte outer membranes and
transverse tubules, endothelial cells, and circulating blood cells
in vivo (Fig. S1).

Significance

Despite advances in cardiac imaging technologies such as MRI,
computed tomography, and ultrasound it has not been possi-
ble to image cardiac function in animal models at the cellular
level owing to insufficient resolution and excess motion. As
a result, our understanding of cardiac biology and function is
derived from either whole-organ imaging techniques or from
isolated in vitro heart preparations and cellular model systems.
We demonstrate a technique for intravital optical microscopy
that compensates for motion of the contracting heart and
allows for measurement of contractile function at the single-
cell level. These approaches will enable studies of complex
and dynamic cellular physiology in the beating heart and
should be widely useful for studying heart disease in
animal models.

Author contributions: A.D.A., C.V., and R.W. designed the study, analyzed data, and wrote
the manuscript; A.D.A. and C.V. developed the system hardware and software and per-
formed imaging experiments; and A.D.A. and M.S. performed surgical procedures.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence may be addressed. Email: cvinegoni@mgh.harvard.edu or
rweissleder@mgh.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1401316111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1401316111 PNAS | August 5, 2014 | vol. 111 | no. 31 | 11257–11262

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S
PH

YS
IO
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401316111/-/DCSupplemental/pnas.201401316SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1401316111&domain=pdf&date_stamp=2014-07-24
mailto:cvinegoni@mgh.harvard.edu
mailto:rweissleder@mgh.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401316111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401316111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1401316111


The technique was designed to work with commercial confocal
or two-photon microscopes for wide applicability (Fig. 1A and
Fig. S2B). Imaging is performed through a left thoracotomy in-
cision providing direct access to the heart, with the animal
anesthetized and mechanically ventilated. Cardiac pacing is
performed through a small-diameter insulated wire lead, which is
sutured into the left ventricular apex (Fig. 1A, Inset, and Fig.
S2A). The laser scanning microscope provides a frame signal
corresponding with microscope acquisition (8 Hz), which serves
as the master timing clock for the system. All timing waveforms
are recorded through a data acquisition system interfacing to
a personal computer. In retrospective gating mode, the micro-
scope acquisition is not synchronized to the native heart beat
(Fig. 1B). In prospective mode, each frame signal is used to
trigger a pacing waveform, and each microscope image is then
precisely synchronized with the cardiac cycle (Fig. 1C). Typical
fast-mode microscope acquisition rates of 7–10 frames per sec-
ond correspond to physiologic heart rates in the mouse of 400–
600 beats per minute.
Excellent tissue stabilization proved critical to enable imaging

of contracting cardiomyocytes. Gross cardiac motion in three
dimensions must be suppressed to visualize and track the same
myocyte at each point in the cardiac cycle. A grid stabilizer
temporarily bonded to the pericardium on the surface of the
heart (Fig. S2 C and D) provided the desired motion suppression
while allowing a field of view encompassing several myocytes.
Ungated two-photon images using a previous ring stabilizer (Fig.

1D and Movie S1) demonstrate excess motion during cardiac
contraction, with significant frame-to-frame variation (14). The
grid stabilizer effectively suppresses motion artifact to allow
identification and tracking of individual cardiomyocytes (Fig. 1E
and Movie S1).
Using cardiac pacing to perform prospective gating, myocyte

contractile motion can be removed from the images (Fig. 1F and
Movie S2). Frame-to-frame variation is due only to motion from
blood flow, which is not synchronized to the acquisition during
pacing. Motion from ventilation can be eliminated either using
prospective triggering of the ventilator or by introducing brief
pauses (seconds in duration) in the ventilator drive waveform,
which was done for simplicity in this work. Excellent frame-
to-frame gated image stability (Fig. S3) prevents loss of image
resolution from motion artifact and allows the system to ap-
proach the resolution of the optics in tissue. Image averaging can
be performed to improve signal-to-noise while maintaining
subcellular resolution of transverse tubule structure measuring
<2 μm (Fig. 1G). Real-time prospective gating also enables ad-
vanced imaging modes in vivo, including depth stacks and 3D
imaging as well as image mosaicking (Fig. S4). Importantly, each
line in the prospective gated image corresponds to a different
point in the cardiac cycle and synchronization is highly stable
from one frame to the next. The image of the myocardium
captured by the microscope in prospective gated mode is es-
sentially frozen from one frame to the next. The structure in the
gated image sequence is, however, distorted by the presence of

Fig. 1. Real-time prospective cardiac gating for intravital microscopy. (A) System schematic. Laser scanning microscope, LSM, acquisition is synchronized to
the cardiac cycle using pacing. The microscope frame signal, F, controls the pacemaker drive signal, P, which is delivered by a stimulus isolator, SI, through
a ventricular pace wire, VP, secured to the apex of the heart, H, with a suture. Reproducibility of heart motion is ensured with a tissue stabilizer, TS. A,
differential amplifier; A/D, analog-to-digital converter; E, electrocardiogram; PC, personal computer; V, ventilation timing signal; VN, mechanical ventilator.
(B and C) Timing waveforms demonstrate asynchronous acquisition (B) and synchronization of the acquisition with the cardiac cycle using pacing (C). The
insets illustrate ventricular capture with widening of the paced electrocardiogram (ECG) complex (C), compared with the native ECG (B). (D and E) A grid
stabilizer (Fig. S2 C and D) provides improved suppression of motion artifact for single-myocyte imaging. Sequential two-photon microscopy frames using
a previously demonstrated ring stabilizer (D) have significant frame-to-frame variation, whereas the grid stabilizer allows tracking of individual myocytes (E)
(Movie S1). (F and G) Real-time cardiac gating removes myocyte motion from images with high repeatability over seconds. Summing over a series of eight
frames (1 s) demonstrates the high degree of stabilization and enables improved signal-to-noise without loss of resolution in the averaged image (G). Movie
S2 demonstrates real-time gating. (Scale bars in D–F, 25 μm.)
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contractile deformation of the tissue surface. To remove spatial
distortion present in the images and to visualize contraction of
the myocardium, each line of the image must be sampled at all
points in time throughout the contractile cycle.
We developed an image acquisition algorithm called PSSM,

which uses cardiac pacing to efficiently construct true motion-
artifact-free images at every point in the cardiac cycle. Even
typical fast confocal and two-photon microscopy modes (8–16
frames per second) suffer the limitation that image acquisition
time is relatively long compared with the cardiac cycle in the
mouse. Because cardiorespiratory motion is periodic and made
highly reproducible on the microscale by the tissue stabilizer,
sequential segmented acquisition schemes can be devised for
intravital microscopy, where an image is sampled over successive
sequential cardiac cycles, analogous to algorithms used in mag-
netic resonance imaging (19). To implement PSSM, we program
a slight frequency shift between the microscope acquisition rate
and the pacemaker rate, resulting in sequential phase shifts be-
tween acquired images (Fig. 2A). The frequency difference be-
tween the microscope and heart rate determines the acquisition
time over which an entire cardiac cycle is sampled, with a longer
acquisition time providing higher temporal resolution (Fig. 2B).
Over a period of seconds, the entire cardiac cycle can be sampled
with millisecond time resolution and without loss of image res-
olution. Image processing is accomplished with a time-shift
transform of the acquired image sequence (Fig. 2C, Movie S3,
and Materials and Methods). Each image in the PSSM sequence
represents a single point in time and the sequence of images
spans the cardiac cycle with the specified temporal resolution
(Fig. S5). Compared with algorithms using retrospective gating,
PSSM is highly efficient, using each line of the acquired image
sequence to contribute to the processed images and thereby
minimizing overall acquisition time. PSSM enables high-resolu-
tion imaging of cardiomyocyte subcellular structure, including
visualization of transverse tubule structure, microvasculature,
endothelial cells, and cell nuclei (Fig. 3 A–D). Elimination of
motion artifact in the images improves image resolution compared

with ungated images and enables averaging to increase signal-to-
noise (Fig. S6). In vivo image resolution and quality are com-
parable in the PSSM images to those taken ex vivo (Fig. S1).
Individual cardiomyocyte contraction is highly reproducible from
beat to beat, as evidenced by the ability to construct images of
contracting myocytes with high resolution over multiple heart
beats using the PSSM technique (Movies S3 and S4).
We next measured the single cardiomyocyte contractile cycle

in vivo in the beating heart (Fig. 3 D and E). We analyzed PSSM
images for individual cardiomyocytes and measured average
sarcomere length at each point in the cardiac cycle using a fre-
quency analysis algorithm (Materials and Methods and Fig. S7).
The algorithm analyzes the mean sarcomere frequency of a se-
lected region of interest at each point of the cardiac cycle to
compute the spatially averaged cardiomyocyte contractile cycle.
Manual measurements of sarcomere length made directly from
a PSSM image exhibit a distribution of sarcomere lengths within
the region of interest (Fig. S8 A and B). A manual average
measurement along a single line at the center of the region of
interest yields good correspondence with the contractile cycle
produced by the algorithm over the entire region of interest (Fig.
S8C), with small differences in the curve attributable to the
differences in the number and positions of the sarcomeres in-
cluded in the respective average measurements.

Discussion
We describe an advanced approach for intravital imaging of
cardiomyocytes in the beating heart that provides motion-arti-
fact-free images with millisecond time resolution and subcellular
spatial resolution at any point in the cardiac cycle. This tech-
nology, based on multiple advances, enables visualization and
quantitative analysis of single-cell function. The method is broadly
applicable and suitable for use with commercial microscopes and
any mouse strain. We demonstrate imaging in the mouse heart in
vivo, but these methods should scale to larger animal models as well
and will also readily apply to the widely used Langendorf ejecting

Fig. 2. Prospective sequential segmented microscopy enables motion-artifact-free imaging of the beating heart. (A) Introduction of a precise frequency
difference between the microscope acquisition rate and the cardiac pacing rate enables high-resolution temporal sampling of the cardiac cycle over multiple
heart beats. Each successive frame is slightly shifted from the prior with respect to the cardiac cycle by an amount dT, which defines the temporal sampling
resolution. (B) Temporal sampling resolution is determined by the acquisition time of the gated sequence, which is inversely related to the frequency dif-
ference between the microscope frame rate and the paced heart rate. (C) Image processing scheme. Fast raster-scanned image lines are time-shifted to
construct an image at a specific point in the cardiac cycle. Each constructed image consists of lines acquired over multiple heart beats. Movie S3 shows raw and
processed image sequences.
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heart preparation (20). The general gating algorithm can also be
applied with other imaging modalities.
Compared with previous work, the present results demon-

strate a substantial and enabling improvement in both spatial
and temporal resolution. Prior approaches using tissue stabili-
zation schemes alone (11, 15) were not capable of imaging with
subcellular resolution and did not provide precise gating to ac-
count for artifacts introduced with contraction. Without gating,
spatial resolution suffers and temporal resolution is very low
owing to the constraints of the frame rate of the microscope. Our
prior approach introduced retrospective gating schemes (14) but
was only capable of providing high-spatial-resolution images in
diastole when the heart motion is at a minimum. The prospective
gating technique eliminates motion artifact to below the expec-
ted optical resolution of the microscope in tissue (Fig. S3),
thereby enabling spatial image resolutions comparable to those
achieved ex vivo. Furthermore, the temporal resolution of prior
retrospective approaches is low (Table S1). Using prospective
gating and taking advantage of the high reproducibility of motion
ensured by the stabilizer, the current approach overcomes these
limitations to enable resolution and quantitative measurement of
repeating events during the contractile cycle.
In cardiovascular physiology, the single-cardiomyocyte con-

tractile cycle is a fundamental measure of the state of the cell.
Just as the electrocardiogram and pressure–volume loops de-
scribe the contractile physiology of the whole heart, measure-
ment of cell length and contractile shortening describe the
physiology of the cardiomyocyte. Measurement of single-cell
contractile function is challenging owing to the demands of
precisely localizing the myocyte in space and time over the car-
diac cycle and of imaging sarcomere length changes near the

resolution limit of the microscope. As a result, the cardiomyocyte
contractile cycle is typically measured from isolated myocytes in
a culture dish. This measurement, however, cannot accurately
reflect the complex interaction of a cardiomyocyte with its native
environment to determine overall heart function. The degree
to which single-cardiomyocyte contractile function varies among
myocytes in a network of cells in the same heart and how these
cells respond individually and collectively to pharmacotherapy
in vivo remain important questions in cardiovascular physiology.
The techniques described here will be useful to characterize this
heterogeneity in cardiomyocyte function and its implications in
healthy and diseased hearts.
Frequency analysis methods have been applied previously for

the measurement of sarcomere length using microscopy in the
excised rodent heart (3, 4) and in isolated cardiac myocytes (21)
as well as in skeletal muscle (22). There are multiple challenges
in measuring sarcomere spacing in the beating heart with mi-
croscopy. These include the changes in cell orientation during
contraction, the intrinsic distribution of sarcomere lengths within
and between myocytes, and the impact of other nonmyocyte
components of the heart tissue on the measurement algorithm
(e.g., vessels). We developed our approach (Fig. S7) considering
prior work and in analogy to the typical algorithms used in
commercially available myocyte imaging systems for in vitro
preparations (4, 23, 24). Previous efforts to optimize algorithms
for sarcomere length estimation in isolated cardiomyocytes can
also be considered for intravital microscopy (21).
Combined with transgenic mouse models of disease and mo-

lecularly targeted fluorescent probes, intravital microscopy
molecular imaging offers a powerful way to study individual
cardiomyocyte physiology and cell-to-cell heterogeneity. Beyond
measurement of contractile function, our methods will be useful
for imaging and quantitative analysis of other dynamic events
in the myocardium and microvasculature, including membrane
potential changes and arrhythmia, calcium signaling, leukocyte
trafficking, cell–cell communication, and investigation of cellular
responses to injury and pharmacologic intervention.

Materials and Methods
Microscope Setup. The cardiomyocyte imaging system (Fig. 1A and Fig. S2)
was developed using a commercially available confocal and multiphoton
imaging system (FV1000-MPE; Olympus). A tunable modelocked Ti:sapphire
laser provided short-pulse illumination for two-photon imaging (MaiTai
DeepSee; Spectra Physics). A low-magnification air objective (XL Fluor 2×/340
NA 0.14; Olympus) was used in confocal mode for alignment whereas a high-
N.A. water-immersion objective with near-infrared correction (XLPlan N 25×
N.A. 1.05; Olympus) was used for high-magnification confocal and two-
photon microscopy of cardiomyocytes. The microscope ran in fast imaging
mode with bidirectional scanning at 8–16 frames per second and images
were recorded using the standard software interface for the commercial
unit running on a personal computer. A frame timing signal generated by
the microscope hardware consisting of a pulse train at the acquisition frame
rate was acquired using a data acquisition analog-to-digital converter (ADC)
card (PCI-6229; National Instruments) and a second personal computer. A
single electrocardiogram lead and a timing synchronization pulse train from
the animal ventilator (INSPIRA ASV 55-7058; Harvard Apparatus) were also
acquired. Custom-designed software was developed in Labview (National
Instruments) for recording of timing signals and generation of a pacing
waveform. The pacing voltage waveform from the ADC passed through a
stimulus isolator (2200; A-M Systems) to produce a pacing current stimulus of
2-ms pulses with amplitude set to reach the ventricular capture threshold,
typically 100–300 μA. The ECG was recorded using a low-noise differential
amplifier (DP-301; Warner Instruments).

Tissue Stabilizer. The tissue stabilizer (Fig. S2C) consisted of a machined
stainless steel ring measuring 3.5 mm in diameter with 2.2-mm inner di-
ameter and 0.5-mm thickness. An electron microscopy grid (12433-CU; Ted
Pella) with 3.0-mm diameter and 230-μm hole diameter was affixed to the
ring to construct a grid stabilizer. The stabilizer also has a thin ring of sili-
cone on the upper surface to hold a drop of water on the tissue surface for
use with water-immersion objective lenses. The entire unit was soldered to

Fig. 3. Intravital microscopy of cardiomyocyte structure and function in the
beating heart. (A–D) Two-photon images reveal subcellular structure in in-
dividual cardiomyocytes in the contracting heart. Capillary vessels, v, endo-
thelial cells, ec, cell nuclei, n, and cardiomyocyte transverse tubule structure,
TT, are clearly resolved. Image in B is a zoom view of the boxed region in A.
Images here are in diastole. Motion-artifact-free images can be formed at
every point in the cardiac cycle (Figs. S5 and S6), however, allowing visuali-
zation of myocyte contraction. Movies S3 and S4 demonstrate contracting
cardiomyocytes in vivo in the beating heart. (E) Measurement of the single-
cell contractile cycle from an individual cardiomyocyte (shown in D and
Movie S4). Mean sarcomere length is computed over a region of interest
(green box in D) at every point in the cardiac cycle by Fourier transform
analysis of the sarcomere striations in PSSM images (Fig. S7 and Materials
and Methods). (Scale bars in A, C, and D, 20 μm.)
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a stainless steel extension arm, which was then mounted on a base plate
with translation and rotation capability for precise positioning.

Mice. A total of 65 C57BL/6 mice were used for the experiments and all
procedures were approved by the Institutional Animal Care and Use Com-
mittee at the Massachusetts General Hospital. Mice were between 8 and
20 wk of age with weights between 20–30 g. The breakdown of mice for the
experiments included 10 mice for testing and optimization of the grid sta-
bilizer, 10 mice for testing the pacing hardware and developing the surgical
protocol, 15 mice for developing the staining protocol, and 30 mice for
development and validation of the prospective cardiac gating and sequen-
tial segmented microscopy acquisition protocols for myocyte imaging.

Tissue Staining.Multiple membrane-specific fluorescent stains were tested for
in vivo labeling of cardiomyocyte structure (di-4-anepps, di-8-anepps, RH237,
CellMask, and di-2-anepeq, all available from Invitrogen). Direct topical
staining of the surgically exposed heart proved relatively ineffective com-
pared with i.v. labeling. The water-soluble dye di-2-anepeq provided optimal
brightness for i.v. injection (Fig. S1). Stock solution of 5 mM concentration
was made from 5 mg di-2-anepeq dissolved in 1.83 mL deionized water and
stored at ±20 °C. For a single experiment, 60–80 μL of the stock solution was
injected i.v. via a catheter in the tail vein 30–60 min before imaging. As-
suming distribution in a typical blood volume of 2.0 mL, the estimated av-
erage cellular level concentration of the stain was <200 μM. Two-photon
excitation of the dye was optimal at 910-nm wavelength and epifluor-
escence was collected using a band-pass optical filter between 575 and 630
nm. Several animals were observed over 24 h after injection of the stain and
demonstrated normal activity with no obvious adverse effects from the
stain administration.

Surgical Preparation. Mice were induced with anesthesia using 3–4% iso-
flurane mixed with 2 L/min of 100% oxygen and maintenance anesthesia
was provided with 1.5–2.5% isoflurane mixed with oxygen. Analgesia was
given with 0.1 mg/kg of buprenorphine administered before the surgical
procedure. Animals were intubated using a 22-gauge angiocath as an en-
dotracheal tube and mechanically ventilated with a small animal ventilator
(INSPIRA ASV 55-7058; Harvard Apparatus), with tidal volume and re-
spiratory rate parameters set by weight-based manufacturer guidelines.
Normal saline (0.5–1.0 mL) was given by i.p. injection to prevent dehydration
during the surgical procedure. Animal body temperature was maintained at
37 °C using a temperature-controlled heat plate (Olympus) and a surgical
drape over the imaging field to prevent heat loss (Fig. S2B). A left thora-
cotomy was performed in the fourth left intercostal space and the anterior
and lateral aspects of the left ventricle were exposed using retractors (Fig.
S2A). The parietal pericardium was carefully incised, allowing direct access
to the thin visceral pericardium and the myocardial surface. For pacing, the
terminal 1-mm length of a small-diameter insulated wire (diameter 50 μm
bare/114 μm coated; AM Systems) was stripped away and secured in contact
with the ventricular myocardium using a superficial 8.0 nylon suture (Ethi-
con) (25). The tissue stabilizer was then bonded directly to the epicardial
surface of the heart using a thin (<100 μm) layer of cyanoacrylate adhesive
(e.g., VetBond). Adhesive was applied only to the metal regions of the grid
stabilizer, leaving unobstructed observation windows of myocardium with-
out glue contact for microscopy (Fig. S1D). To enable complete control of
ventilation, animals were given a low-dose skeletal muscle paralytic, pan-
curonium, at 0.1–0.2 mg/kg dosing, by i.v. tail vein injection. At the com-
pletion of imaging experiments the mice in these experiments were killed
using a CO2 gas chamber in accordance with approved protocol.

Image Acquisition. Images were streamed to disk during acquisition using the
standard Olympus software interface. Timing waveforms were acquired with
Labview.With the stabilizer in place, images were acquired first with the low-
magnification air objective lens to align the grid stabilizer to the illumination
path. Then, using multiphoton mode, images were acquired in ungated
fashion to pan and survey for regions of interest (Fig. 1E and Movie S1).
Images were acquired at eight frames per second with 256 × 256 pixels, and
optical zoom between 2× and 8× was used to increase image resolution at
smaller field of view. When an area of interest was identified, prospective

gating with cardiac pacing (Fig. 1F and Movie S2) was used to acquire images
without myocyte motion and to assess capillary flow in real time. PSSM was
then used to analyze single-myocyte contractile function. During PSSM
sequences, the ventilator was transiently paused to eliminate residual motion
artifact from changes in lung volume. This was similar to a breath-hold ma-
neuver frequently used during mechanical ventilation of humans and was
well tolerated by the animals. PSSM sequences with millisecond time reso-
lution require ventilator pauses of only several seconds. Alternatively, pro-
spective triggering of the ventilator can be used if PSSM sequences of long
duration are required. Table S1 and Movie S5 compare acquisition modes.

Image Characterization Using Fluorescent Beads. Fluorescent polystyrene
beads (FluoSpheres, 10 μm diameter; Invitrogen) were directly injected into
the left ventricle of a mouse (50-μL injection) in vivo. The beads become
trapped in the capillaries in the heart and can be imaged as fiducial markers
for image stability measurements. Gated image sequences of the same bead
(Fig. S3A) positioned at multiple locations in the cardiac cycle were analyzed
for the variation of the centroid position of the bead across multiple cardiac
cycles. The distance of the bead in each image was computed relative to the
average position of the bead in the image sequence, and the SD of this
distance across the sequence of images was plotted as centroid variation
(Fig. S3B).

PSSM Image Processing and Data Analysis. Image analysis was performed in
ImageJ and Matlab. Presented images are not filtered. The raw PSSM image
data were processed as a 3D matrix (row, column, and time) and re-
construction of the cardiac cycle was efficiently performed using a matrix
shift applied along the time dimension to each image row (Fig. 2C). The
shift size, Si, measured in pixels along the time dimension in the PSSM data
matrix, can be represented for each row in the processed matrix as Si = NI *
i/NR, where i is the row index, NR is the number of rows in the image, and NI is
the number of images in the PSSM sequence. For acquisition frequency, fA,
and pacing frequency, fP, the acquisition time, T, for the PSSM sequence is T =
1/(fP − fA) and the number of images in the PSSM sequence, NI = fA/(fP − fA).
The temporal resolution, dT, for the PSSM sequence is then dT = 1/(NI *fA) (Fig.
2B). A brief segment of Matlab code used to perform the matrix shift is in-
cluded in SI Appendix. For contractile function analysis (Fig. 3 D and E and Fig.
S7), individual images from the PSSM sequence, each representing a single
point in the cardiac cycle, were analyzed using Fourier transformation. Images
were first rotated and interpolated to place sarcomere striations perpendicular
to the image lines. A region of interest (ROI) was then chosen over the
myoycyte. Individual lines within the ROI were then band-pass–filtered for
spatial frequencies between 1 and 3 μm using an eighth-order Chebyshev Type
II filter. A Blackman–Harris window was applied to the filtered lines to mini-
mize edge effects from the line scans. Frequency content of individual lines
was determined using a fast Fourier transform (FFT) and the frequency spectra
were then averaged over all lines in the ROI to produce an average frequency
spectrum for the ROI. The mean sarcomere length for a specific point in the
cardiac cycle was determined as the inverse of the peak frequency of the av-
eraged frequency spectrum for the ROI. Moving average 15-point temporal
smoothing was applied to the averaged frequency spectrum in the plotted
trace (Fig. 3E). Analogous approaches for sarcomere length measurement have
been performed in isolated cardiac myocytes (23, 24), noncontracting Lan-
gendorf heart preparations (3, 4), and skeletal muscle in vivo (22). Manual
measurements of sarcomere length (Fig. S8) were measured in ImageJ from
a PSSM image in diastole by defining sub regions within the predefined ROI
used for FFT analysis. The average sarcomere length for each subregion was
calculated from the measured distance of five sarcomeres. The manual mea-
surement of the contractile cycle was made from PSSM images at multiple
points in the cardiac cycle by taking the average sarcomere length over the
same span of sarcomeres located along a single line through the center of the
ROI for each image.
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