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magnifications of the top boxed regions in a and b showing the enhanced ability of OFDI (c) to visualize deeper vessels and distinguish morphology 
in regions of vascular leakage relative to MPM (d). (e,f) Higher magnifications of the bottom boxed regions in a and b showing the greater detail of 
finer vascular structures obtainable by MPM (f) in comparison to OFDI (e). (g–i) The application of automated vascular tracing to registered data sets 
of normal brain vasculature acquired with OFDI (g) and MPM (h) allowed quantification of the resolution of OFDI angiography and validation of the 
morphological measurements obtained from OFDI (i). Scale bars, 250 m.

is derived from the Doppler shift7–12 induced by circulating red blood 
cells. Using new implementations of Doppler principles and OFDI13, 
we enabled wide-field angiography with sufficient speed to perform 
imaging over wide-fields and sensitivity to map smaller vessels and 
specificity to discriminate vascular motion from physiological motion 
(Supplementary Methods). We derived three-dimensional angi-
ographic datasets from the acquired OFDI signals and reduced them 
to en face vascular projections using color to encode depth (Fig. 1b). 
We obtained vascular projections across multiple tumor types at vari-
ous sites (Supplementary Figs. 3 and 4) and, additionally, in normal 
tissues, including the mammary fat pad and marrow space within the 
calvarium (Supplementary Fig. 5).

To provide gross perspective of the relative merits and complemen-
tary nature of Doppler OFDI and MPM angiography, we imaged tumors 
sequentially with each modality (Fig. 2 and Supplementary Methods). 
Whereas MPM excelled at visualizing the smallest superficial capillaries 
(Fig. 2e,f), Doppler OFDI was superior in discerning vessels deeper 
within the central regions of the tumor and in regions where fluo-
rescent tracers extravasated (Fig. 2c,d). We routinely observed vessels 
beyond 1.0 mm in depth with Doppler OFDI (Fig. 1b), whereas with 
MPM the maximum penetration depth in the surveyed tumor models 

ranged from 250 to 400 m (Fig. 2b). The unique Doppler acquisition 
techniques incorporated into the OFDI instrument allowed rapid visu-
alization of the tumor vasculature inclusive of its connectivity with host 
vessels, complementing the higher resolution but relatively superficial 
angiography provided by MPM.

Morphological and fractal characterization of vascular networks
Morphological characterization of blood vessels in tumors provides 
insight into resistance to transport, angiogenic mechanisms and 
response to therapy14,15. Previous characterization methods, based 
on intravital microscopy and MPM angiography, have been limited 
to small fields of view and superficial depths. To extract quantita-
tive vascular measurements from the OFDI angiograms, we devel-
oped a fully automated three-dimensional vascular tracing and 
analysis algorithm, optimized specifically to operate on the OFDI 
datasets (Supplementary Methods). The algorithm reduced three-
 dimensional OFDI angiograms to networks of interconnected vessel 
segments modeled as superellipsoids16. From the centerlines and 
shape parameters of these superellipsoids, we extracted the trajec-
tories and morphology of vessel segments (Supplementary Fig. 6). 
A comparison of co-registered vessel segment diameters derived from 

Figure 1 Principles of in vivo multiparametric 
OFDI. (a) A functional schematic of the OFDI 
system. An optical beam is focused into the 
tissue. The light reflected across all depths 
is combined with a reference beam, and the 
interference signal is recorded as a function of 
light wavelength from 1,220 nm to 1,360 nm. 
The amplitude and phase of the reflected light 
as a function of wavelength is used to localize 
the reflected signal as a function of depth. At 
a given depth, the amplitude and phase of the 
reflected signal as a function of time is used 
to derive the optical scattering properties and 
thereby the tissue structure and function. (b) The 
depth-projected vasculature within the first 2 mm 
of mouse brain bearing a xenotransplanted U87 
human glioblastoma multiforme tumor imaged 
with OFDI. Depth is denoted by color: yellow 
(superficial) to red (deep). Scale bar, 500 m.
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Figure 2 Comparison of multiphoton and OFDI angiography. (a,b) Wide-field imaging of an MCaIV tumor 
implanted in the dorsal skinfold chamber with OFDI (a) and MPM (b). Imaging with MPM over this field of  
view required the acquisition and subsequent alignment of 30–40 separate three-dimensional image stacks  
to sample a field of view equivalent to that of the OFDI instrument. MPM resolved vessels as deep as  
400 m in tissue. Imaging duration was 10 min for OFDI and 2 h for MPM. Faster MPM imaging times can be 
obtained using lower magnification lenses at the expense of resolution and depth of penetration. (c,d) Higher 
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