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1 Near-field confocal optical spectroscopy (NCOS)

Due to the wave nature of light, the diffraction limit constrains the spatial resolution of traditional
optical microscopy. The point spread function (PSF), the image of a point source, is about 250 nm
along transverse directions and about 500 nm along the axial direction [1]. For example, hundreds of
proteins, but only a few diffraction limited spots, may fit side by side within a typical 1 micrometer
Escherichia coli bacterium.

Diverse optical imaging techniques now resolve features below the diffraction limit. Strategies include

• Optical fibers, to limit excitation to volumes smaller than the diffraction limit

• Patterned excitation and nonlinear fluorophore response, to decrease effective PSF

• Sub-pixel localization of fluorophores that switch between dark and light states

Both technological innovation and statistics have made it possible to image structures smaller than the
wavelength of light. In near-field confocal optical microscopy (NCOS), an optical fiber is heated and
pulled to a minute taper, then aluminum is evaporated onto the sides of the fiber to prevent leakage of
the light. A feedback mechanism prevents the delicate tip from crashing into the sample, and then the
tip is rastered across the sample to build up an image. This can prove difficult for biological samples
because they are often wet and uneven; nevertheless, progress has been made to image neurons, muscle
cells, and other biological samples [2, 3].

Diverse super-resolution optical microscopy techniques take advantage of photo-switchable fluo-
rophores and stochastic, rather than rastered, reconstruction of whole images. In this case, if ∆
represents the uncertainty in the position of a fluorophore after a single measurement, then multiple
samplings of the position of the fluorophore can give a localization that decreases with the square root of
the number of samples as ∆/

√
N . Adjacent fluorophores must be sampled within the Nyquist resolution

∆Nyquist = 2/N1/D (where D is the dimensionality of the structure to be imaged) [1], but not excited si-
multaneously. For example, in stochastic optical reconstruction microscopy (STORM), photo-switchable
cyanine dyes are activated and deactivated, to achieve resolutions on the order of 20 nm. [1]
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Figure 1: An example of a tapered optical fiber used for near-field confocal optical microscopy (NCOS).

Figure 2: Stochastic optical reconstruction microscopy (STORM) of (a) microtubules and (b) membrane
extrusions coated with clathrin.

2 Optical coherence tomography (OCT)

Optical coherence tomography (OCT) is an imaging technique that has seen increasing use for biomedical
applications especially over the last decade. Given its high sensitivity and low invasiveness, OCT is used
to image the eyes of patients with glaucoma, diabetic retinopathy, macular degeneration, macular holes,
etc. [4], and the veins of patients with vascular disease.

Optical coherence tomography is analogous to ultrasound imaging, except in this case, light instead
of sound is used as the medium that enters the body and backscatters off of structures. The system
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measures the time required for light to scatter from structures in the body and return to the detector.
To measure distances/elapsed time with high precision, OCT relies on interferometry to measure the
time it takes for light to backscatter from tissue microstructures. Detection and demodulation of the
interference signal gives the echo delay of the backscattered light from cells.

Figure 3: The setup of an optical coherence tomography system. OCT is a Michaelson interferometer,
with one arm that projects light into the body, and the other arm on a sensitive delay stage, in order to
dynamically tune the path length to measure interference effects. Image taken from [5].

Figure 4: Image of an in vivo rabbit esophagus, taken from [5].

The spatial resolution of OCT depends on the coherence length of the light and thus on the spectral
bandwidth of the light source as lc = c/∆ν, where lc is the coherence length, c is the speed of light,
and ∆ν is some measure of the width of the light spectrum in frequency space. Lower coherence light
and larger bandwidths increase the spatial resolution of the features detected by interferometry. For
example, using a Kerr-lens mode-locked Ti:sapphire laser, high resolution OCT has achieved ≈2 µm
spatial resolution along the axial direction using a broad spectrum source of 370 nm in bandwidth. [6]
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Therefore, some advances in optical coherence tomography have been facilitated by rapid progress in
solid state laser technologies over the last couple of decades.

As with the other modalities, a number of modifications and variations of optical coherence tomog-
raphy exist [6, 7]. These include frequency shifting/signal encoding and autocorrelation, which relies
on beat frequencies of added waves with close frequencies and gives a factor of ∼7 improvement in the
axial resolution [7]; both time and Fourier domain OCT, in which the inverse Fourier transform of the
backscattered light reveals information along the axial direction [6].

3 Magnetic induction tomography (MIT)

Like optical coherence tomography, magnetic induction tomography (MIT) offers a means of non-
invasively imaging a sample. Though MIT was developed for industrial applications, some are currently
transitioning the technology to biomedical applications. [8] As shown in Fig. 10, a number of the tissues
in the body have some conductivity or permittivity due to the dissolved salts and other properties of
the tissues.

In magnetic induction tomography, a system of transceivers (coils) inject current into the sample
and then detect perturbations in the signal due to the presence of the material. There are a number of
techniques related to MIT, likewise based on the premise of injecting currents or applying voltage from
an array of transmitters, and then measuring the response currents or voltages after they interact with
the sample, such as electromagnetic tomography (EMT).

Figure 5: AC conductivity of various tissues possible to image with MIT, from [8].

MIT requires solution of an inverse problem: given the currents or fields at sampled points on the
surface of a volume, what can we infer about the distributions within the volume? Current research
challenges include dealing with anisotropies of the body. [9] Many have studied the theoretical signal to
noise limits, given a small number of transceivers. [10]

The resolution only about one divided by the square root of the number of transceivers, then further
degraded by noise. The spatial resolution depends on the number of independent pairs of transmitters
and receivers: if the number of transceivers is N , then the system can make N(N − 1)/2 measurements.
We can calculate the spatial resolution as the diameter of the array of transceivers d divided by the
square root of the number of independent measurements, so λ = d/(

√
N(N − 1)/2). [8] Image quality
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is also limited by the total amount of current injected, the amplitude times the duration of current
injection. Especially for live studies, this has an upper bound. For human studies, could inject as much
as 10 mA with carbon-hydrogel electrodes with large surface area.[9]

Figure 6: From [11]. An experimental realization of magnetic induction tomography. Korjenevsky et al.
imaged a 10 cm wide cylinder filled with saline solution using an array of 16 coils arranged in a circle.
They achieved spatial resolution of the sample on the order of ∼cm.

4 Nuclear magnetic resonance (NMR) and optical NMR

The nuclei of the atoms that compose the cell have angular momentum. Since protons are charged,
nuclei have an associated magnetic moment ~µ. In a static external magnetic field ~B, magnetic moments
have an energy HZ related to their orientation and proportional to the field strength

HZ = −~µ · ~B.

Moments that point opposite the field have higher energy than those that point with the field.
Each subvolume of the cell contains many magnetic moments. In an external magnetic field, their

energies add together, so that

HZ = −
∑
i

~µi · ~B = − ~M · ~B,
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where the net magnetization ~M represents the sum of the magnetic moments within the subvolume.
In nuclear magnetic resonance, this Zeeman splitting is used to detect the locations and relative dis-
tances/orientations of spins in the solid to be imaged. Thus, NMR can reveal not only structural
information but also chemical information, given sufficiently high number of spins. Compared to other
detection methods (such as fluorescence), traditional NMR is not as sensitive. [12], due to the thermally
distributed low fraction of excited spins at room temperature amidst the static background field.

There are a number of ways to boost the signal to noise and hence the sensitivity of NMR. These
include optical pumping, which can transfer angular momenta from photons to nuclei to achieve high
polarizations, over 70%! [12]

Recently, several groups have made progress using a nitrogen-vacancy center in a diamond lattice
as a small detector of the local spin. [13, 14, 15] Both Staudacher et al. and Mamin et al. use the
interesting optical properties of the spin center to read out its spin. Depending on the spin state of
the NV center, a microwave can cause a transition to the ground state in which the center is optically
active. [15] Unlike the relatively lower signal-to-noise ratios of the thermally polarized spins in traditional
NMR, in this case, due to the small detection volume of the spins, finite size or statistical fluctuations
in the polarization of the media around the NV center are detectable: for example, if there are on the
order of N = 104 spins in the vicinity of the NV center, then the typical standard deviation of the spin
in the vicinity of the center is

√
N = 100, so the population is statistically polarized in some direction;

this random transverse polarization rotates with the Larmor frequency under the applied static magnetic
field. [15]

Both of these techniques employ some kind of spin echo technique to prevent decoherence of the
spins over the time scale of interest. This is a great animation that gives some intuition how RF
pulses that modify the state of the spins cause the spins to diverge and then to come back together
(http://en.wikipedia.org/wiki/File:HahnEcho GWM.gif). The point is that different spins precess at
different rates due to inhomogeneous effects, and the 180◦ pulse causes the spins to come back together.

5 Nanofocus computed tomography (nanoCT)

The research frontiers of nano focus computed tomography involve synchrotron beam lines and fabri-
cation of higher resolution Fresnel lenses. As discussed, glass lenses can be abstracted to surfaces that
cause the wave to constructively interfere in some regions and destructively interfere in other regions. In
this case, at the tradeoff of lost power, the lens is able to focus waves (such as X rays) that traditional
lenses are not able to perturb.

Fresnel zone plates shifts the problem of spatial resolution onto a fabrication problem: how closely
spaced together can we fabricate sufficiently thick features? Fresnel plates often are arranged as con-
centric rings with decreasing width and increasing radius. The width of innermost feature sets the
resolution. [16] In this study, the authors deposited gold on silicon nitride membrane and formed inner-
most features on the order of 30 nm to meet the Rayleigh resolution of 38.5 ± 1.2 nm. Note that X rays
are diffraction limited as well, but since the wavelength of X rays is much smaller than that of visible
light (about 104 smaller), the diffraction limited spot is smaller than that from NCOS.

In addition to Fresnel lens fabrication, others are investigating new X rays sources for imaging,
effectively bringing the synchrotron into the lab [18].
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Figure 7: Example of optical NMR, from [15].

6 Conclusions

All of the techniques presented image collections of cells in tissues, and in some of the techniques have
spatial resolution sufficient to reveal the contents of cells. Though the techniques are diverse and rely
on a number of different physical principles and mechanisms, they have a lot in common.

• Interference. Since the structures are small, the techniques need to find ways to extract information
from waves that, at optical wavelengths, have wavelengths longer than the structures. In the case of
nanoCT, though X rays are used, it is difficult to steer the X rays using traditional optics. In both
cases, interference is used, whether in the fiber optic Michaelson interferometer of optical coherence
tomography, or in the Fresnel lens that shape the beams used for nanocomputed tomography.

• Statistics. The super-resolution microscopies and NMR techniques do not defeat physical limits
directly. Rather, by averaging over pixels in the case of super-resolution microscopy and spins in
the case of NMR, aggregates can be averaged in a way to extract the information of interest. The
square root of the number of measurements often appears as a consequence of the central limit
theorem.

• “Interconversion” of time and space. In order to increase the spatial resolution of a technique, find
out how to convert distance to path length, and then measure the time it takes light or some other
medium to travel along the path; or if some process happens faster than can be measured, use a
streak camera, or some other device that renders fast processes on multiple pixels to be recorded.
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Figure 8: Image of fabricated Fresnel lenses, from [16].
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