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Abstract

Active changes in mitochondrial structure and organization facilitate cellular homeostasis. 

Because aberrant mitochondrial dynamics are implicated in a variety of human diseases, their 

assessment is potentially useful for diagnosis, therapy, and disease monitoring. Because current 

techniques for evaluating mitochondrial morphology are invasive or necessitate mitochondria-

specific dyes, their clinical translation is limited. We report that mitochondrial dynamics can be 

monitored in vivo, within intact human skin by relying entirely on endogenous two-photon–

excited fluorescence from the reduced metabolic coenzyme nicotinamide adenine dinucleotide 

(NADH). We established the sensitivity of this approach with in vivo, fast temporal studies of 
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arterial occlusion-reperfusion, which revealed acute changes in the mitochondrial metabolism and 

dynamics of the lower human epidermal layers. In vitro hypoxic-reperfusion studies validated that 

the in vivo outcomes were a result of NADH fluorescence changes. To demonstrate the diagnostic 

potential of this approach, we evaluated healthy and cancerous human skin epithelia. Healthy 

tissues displayed consistent, depth-dependent morphological and mitochondrial organization 

patterns that varied with histological stratification and intraepithelial mitochondrial protein 

expression. In contrast, these consistent patterns were absent in cancerous skin lesions. We 

exploited these differences to successfully differentiate healthy from cancerous tissues using a 

predictive classification approach. Collectively, these results demonstrate that our label-free, 

automated, near real-time assessments of mitochondrial organization—relying solely on 

endogenous contrast—could be useful for accurate, noninvasive in vivo diagnosis.

INTRODUCTION

Mitochondria undergo trafficking, fusion, and fission, creating continuously changing 

networks to support mitochondrial function and accommodate cellular homeostasis (1). 

Aberrant mitochondrial dynamics and the corresponding changes in mitochondrial 

organization are associated with a variety of human pathologies, including 

neurodegenerative (2–4), metabolic (5, 6), cardiovascular (7, 8), and neoplastic (9, 10) 

diseases. In this context, the mitochondrial machinery is an attractive therapeutic target for a 

broad set of diseases. Compounds that modulate mitochondrial dynamics protect cardiac 

tissue against ischemia/ reperfusion injury (11), attenuate neurodegeneration (4, 12), and 

reduce lung cancer cell proliferation (9) and breast cancer metastasis (10) in experimental 

disease models. Because of these associations with disease, it would be beneficial to monitor 

the organization of mitochondria. To date, most studies investigating mitochondrial 

morphology rely on invasive methods, such as scanning electron microscopy, mitochondria-

specific dyes, or genetically engineered expression of fluorescent proteins (13–15). These 

measurement techniques cannot be used in humans, especially in a clinical setting, because 

they require tissue excision and processing or contrast agents that are not approved for 

human use.

Multiphoton microscopy (MPM) is uniquely placed to address these limitations. MPM is a 

noninvasive imaging method capable of providing subcellular resolution in dense, optically 

scattering tissue, obviating the need for tissue excision (16). MPM signals can be generated 

from a variety of intrinsic tissue chromophores, facilitating multidimensional tissue contrast 

without the use of exogenous labels (17). Of special interest for mitochondria is the reduced 

metabolic co-enzyme nicotinamide adenine dinucleotide (NADH). NADH is intrinsically 

fluorescent and plays a key role in cellular energy metabolism. Moreover, images of NADH 

fluorescence predominantly reflect contributions from the bound form of NADH that resides 

primarily within mitochondria, owing to its increased fluorescent yield in that state (18). The 

spatial distribution of bright autofluorescent features in two-photon– excited fluorescence 

(TPEF) NADH images of cells correlates with the spatial distribution of traditional 

mitochondrial dyes in vitro (19). Thus, NADH imaging could be a label-free approach to 

monitor the state of mitochondria and their organization in vivo. In addition, multiphoton 

technology is being integrated in endoscopes (20) and compact portable tomographic 
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systems (21), making MPM ideally suited for clinical translation of mitochondrial 

monitoring.

Recent in vivo clinical MPM studies of nevi monitoring and detection of melanoma or basal 

cell carcinoma (BCC) have established the first diagnostic MPM image criteria (22–24). In 

the case of melanoma detection, these criteria rely on quantitative manual tracing analysis of 

lesion-specific features of interest, such as dendrite density, and assessment of the 

endogenous TPEF NADH intensity variations (23). In the case of BCC lesions, detection is 

based on the qualitative demonstration of important diagnostic features, such as the presence 

of nests of basaloid cells in the papillary and upper reticular dermis (24). Other optical 

techniques, such as optical coherence tomography and confocal reflectance microscopy, also 

rely on specialized morphological criteria for skin lesion evaluation (25, 26). The specificity 

of these criteria increases their usefulness for differential diagnosis yet limits their 

application to particular lesion types and requires advanced histopathological knowledge for 

proper identification and evaluation. In contrast to the focus of these approaches on 

morphological characteristics, assessment of mitochondrial organization offers a more 

nuanced metric of both structure and function. Metabolism is often altered in a diseased state 

(27), and mitochondria are key regulators of cellular homeostasis; therefore, markers related 

to mitochondrial dynamics may be useful for multiple diseases, as well as for early disease 

states where traditional morphological hallmarks may not yet be evident. Furthermore, 

information from such markers could complement that from morphological criteria, 

potentially enhancing diagnostic performance in ambiguous or challenging cases.

Previous evaluations of in vivo NADH MPM images focused exclusively on intensity-based 

assessments (22–24). These can be related to biochemical metabolic alterations but not 

necessarily to mitochondrial organization. Recently, we demonstrated that Fourier-based 

analysis is well suited to evaluate high-resolution NADH MPM images to assess 

intracellular texture in cell monolayers and three-dimensional (3D) engineered tissues (28, 

29). In these studies, mitochondrial clustering was reliably quantified in cell layers with 

distinct nuclear-to-cytoplasmic ratios and used as a sensitive marker of metabolic changes in 

the relative levels of oxidative phosphorylation, glycolysis, and glutaminolysis, which often 

occur at the onset of cancer and may serve as diagnostic biomarkers or to guide therapy (28, 

29).

Here, we have used MPM to characterize mitochondrial organization and dynamic responses 

to environmental conditions within human tissues in vivo, relying entirely on endogenous 

fluorescence from NADH. To illustrate the potential translational impact of this method, we 

also characterize in vivo the overall and depth-dependent differences in mitochondrial 

organization between healthy and cancerous human skin epithelia.

RESULTS

Epidermal strata respond differently to ischemic hypoxia

Different epidermal layers are differentially sensitive to vascular oxygen (30). Therefore, we 

first evaluated the acute changes in mitochondrial metabolism in vivo within the human 

epidermis by fast induction of ischemic hypoxia and reperfusion via arterial occlusion and 
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release. We followed changes in two distinct cellular layers: one within 20 to 25 μm of the 

skin surface, below the stratum corneum, and a deeper one, within 35 to 40 mm of the skin 

surface, closer to the stratum basale and proximal to the dermal microvasculature (Fig. 1A). 

We examined each layer separately over time by acquiring an NADH TPEF intensity image 

every 10 s before, during, and after arterial occlusion, as previously described (30). Each 

phase lasted 3 min.

Through automated image processing, the nuclear and interstitial spaces were identified and 

removed from the images to allow calculations from the relevant cytoplasmic space only 

(fig. S1A). These images, along with the corresponding, time-dependent, mean NADH 

intensity profiles calculated from the measurements acquired at each depth from all subjects 

(Fig. 1A), revealed divergent metabolic responses in the epidermal layers. (NADH intensity 

is an indicator of the reducing power of a cell.) The upper cell layers were completely 

unaffected by the vascular occlusion, whereas the lower layers evidenced a response, an 

almost instantaneous NADH increase as the occlusion occurred. The intensity levels 

remained stably elevated throughout the duration of the ischemia and rapidly returned to 

baseline when the arterial flow was reinstated (after 3 min of occlusion) (Fig. 1A). These 

outcomes agree with previous human and mouse studies (30, 31), suggesting that the 

different skin layers have different metabolic dependence on vascular oxygenation.

We further evaluated the mitochondrial dynamics in each epidermal layer. Mitochondrial 

organization can be evaluated from NADH intensity images through a Fourier-based 

approach (28, 29) that capitalizes on the fact that the NADH fluorescence intensity yield is 

increased when NADH is enzymatically bound. The method provides a metric of 

mitochondrial organization, because most of the cellular bound NADH is contained within 

the mitochondria. To extract this metric, we computed the power spectral density (PSD) 

from the 2D Fourier transform of each NADH intensity image. A simple inverse power law 

decay expression of the form R(k) = Ak−β was then fit to the PSD, with the magnitude of the 

exponent β being indicative of the levels of mitochondrial clustering (28, 29). Increased 

clustering values represented more fragmented/fissioned mitochondrial formations.

Before the extraction of information related to mitochondrial organization, we eliminated the 

image signal voids created by the nuclear and interstitial space removal by digitally cloning 

the isolated cytoplasmic intensity fluctuations into the voids (Fig. 1B and fig. S1C). This 

procedure is essential for the sensitivity of the method to mitochondrial organization 

features, which is maintained independent of the size of the void areas (28). The intensity 

fluctuations within the identified cytoplasmic regions were not affected by the cloning 

procedure, because only the void areas were filled. The epidermal layers displayed different 

mitochondrial dynamics (Fig. 1B), consistent with our NADH intensity results. 

Mitochondrial clustering fluctuated minimally from baseline in the upper epidermal layer 

throughout the entire experiment, matching the NADH intensities for this layer. Conversely, 

clustering in the lower layer rose significantly during occlusion. Unlike NADH intensity 

though, which recovered immediately upon termination of the arterial occlusion (Fig. 1A), 

mitochondrial clustering remained elevated during vascular reperfusion (Fig. 1B). These 

findings reveal that mitochondrial biochemistry differs temporally from mitochondrial 

dynamics.
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2D cell cultures validate in vivo response to hypoxia-induced mitochondrial changes

To confirm that variation in NADH intensity and clustering was a result of mitochondria- 

and hypoxia-related changes, we used a controlled 2D cell culture of human primary 

keratinocytes, in which precise measurements of oxygen conditions could be performed. 

Similar hypoxic perturbations have been conducted using perfusion chambers (13). 

However, to avoid shear flow effects that did not mimic the epidermally sensed in vivo 

hypoxia and to further enable simultaneous dynamic oxygen measurements while imaging 

the same optical field, we designed and built a custom setup in-house that allowed fast 

temporal control of the medium’s oxygen saturation (fig. S2A). The 2D cultures further 

offered the advantage of stable metabolic substrate availability, in contrast to the in vivo case 

where arterial occlusion also diminished the supply of other substrates. Last, narrow band 

imaging parameters were set to achieve increased selectivity in collecting NADH 

information.

The experiment was divided into four phases. The first phase established a baseline before 

hypoxia induction (0 to 5 min), the second was the hypoxic phase (5 to 16 min), and the 

third and fourth phases corresponded to early (16 to 23 min) and late (23 to 30 min) 

reperfusion time points, respectively. The control group had no oxygen manipulation. The 

dynamic oxygen saturation measurements, acquired from each imaged well plate for the 

hypoxic group (fig. S2B), verified that an oxygen saturation of less than 1% was achieved 

and preserved during the hypoxic phase.

As with the in vivo images, the relevant cytoplasmic space in human primary keratinocytes 

was isolated and evaluated (Fig. 2A). NADH intensities were stable throughout all 

experimental phases for the normoxic group (Fig. 2B). In contrast, the NADH intensity of 

the hypoxic group rapidly increased during the hypoxic phase and quickly recovered toward 

baseline levels when normoxia was reinstated (Fig. 2, A and B). These findings are in 

accordance with the NADH intensity changes observed in vivo (Fig. 1). To further 

investigate the possible interference of other fluorophores, we also performed fluorescence 

lifetime microscopy (FLIM) measurements in primary keratinocyte cultures under normoxic 

and hypoxic conditions. Phasor analysis of the corresponding FLIM images (32) 

demonstrated that the main contributors to the observed fluorescence, namely, the bound and 

unbound forms of NADH, were identical; however, the relative levels of bound to unbound 

NADH decreased during hypoxia (Fig. 2C).

Having established that the observed outcomes were specific to the mitochondrial changes 

induced by the hypoxic conditions and that the in vivo and in vitro biochemical patterns 

were in agreement, we determined whether a similar relationship existed for mitochondrial 

dynamics. The mitochondrial organization of the cultured keratinocytes was evaluated using 

the same analytical approach we employed for the in vivo data, with the isolated cytoplasmic 

intensity fluctuations being cloned into the noncytoplasmic image voids (Fig. 3A). The 

normoxic group displayed stable overall mitochondrial dynamics through all experimental 

phases (Fig. 3B), consistent with the unaltered NADH intensity patterns of that group (Fig. 

3C). Conversely, the mitochondrial clustering of the hypoxic group increased significantly 

during the hypoxic phase and remained elevated immediately after the oxygen reperfusion, 

although full normoxia had been reinstated (Fig. 3, B and C, and fig. S2B). Mitochondrial 
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clustering recovered to baseline levels only during the late reperfusion phase (Fig. 3, B and 

C). Overall, these outcomes corroborate the temporal trends observed in vivo, where the 

mitochondrial dynamics changed significantly faster upon hypoxic induction than during 

normoxic recovery.

Healthy epidermis displays depth-dependent morphological and functional patterns

We next assessed MPM imaging and mitochondrial organization as a label-free diagnostic 

indicator of skin cancer. For this reason, we examined full-thickness healthy and diseased 

skin epithelia. 3D tissue stacks were acquired in vivo from healthy human skin and diseased 

human skin, corresponding to BCCs and melanomas (both invasive and in situ). Fourteen 

participants with a total of 29 tissue stacks [12 healthy tissue stacks (n = 6 participants; 4 

healthy volunteers and 2 of the patients) and 17 pathological (n = 10)] were included in our 

study. The 17 diseased tissues comprised 2 in situ melanoma stacks (n = 2), 7 invasive 

melanoma stacks (n = 3), and 8 BCC stacks (n = 5).

Owing to the wide spectral characteristics of the clinical tomograph emission filter, 

fluorescence was collected from NADH as well as from keratin, melanin, and collagen/

elastin (Fig. 4A, colored arrows). We minimized the non-NADH signals by using 

Shanbhag’s entropy filtering (33), as shown explicitly in fig. S3, which includes 

representative images of the total TPEF collected signal, along with segmented regions that 

are associated with non-NADH signals. The separation accuracy was assessed by visual 

correlation with the natural histological localization of the chromophores. For example, 

keratin fluorescence was only detected in the most apical keratinized layer with minor 

contribution in layers below, when epidermal tissue folds were present (Fig. 4A, cyan 

arrows). On the other hand, melanin fluorescence was detected deeper in the normal 

epithelium. Its highest contribution was localized in the transition from the parabasal to the 

basal layer of healthy tissues (Fig. 4A, open-head red arrows), because melanin granules 

naturally cap the top surface of the nuclei of the proliferative cell pool and serve as 

photoprotectors (34). Melan A staining, when available, provided additional support to the 

fact that our thresholding technique for chromophore isolation yielded reliable outcomes 

(fig. S3).

We found that healthy epithelia displayed uniform cellular morphology within each optical 

section and smooth epidermal stratification, with cellular size decreasing and nuclear-to-

cytoplasmic ratio increasing in a depth-dependent manner (fig. S4), as expected. The 

consistent morphological features of the healthy epithelia were accompanied by consistent 

depth-dependent mitochondrial clustering trends (Fig. 4A and fig. S5A). The basal and 

parabasal layers displayed high and stable values of the clustering metric (fragmented state). 

As epithelial cell differentiation progressed from the basal to the higher epidermal layers, 

clustering values declined, reaching their minima within the spinous layer (tubular 

mitochondria). Finally, toward the most terminally differentiated layer, as the granular 

keratinocytes enter an apoptotic state to create the stratum corneum, mitochondrial 

clustering values started to recover again, signifying a return to a more fissioned phenotype.

This interpretation of the depth-dependent mitochondrial organization changes in healthy 

tissues was consistent with the mitochondrial organization states identified in 2D primary 
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keratinocytes stained with mitochondrial specific dyes, which were either maintained at an 

undifferentiated/basal state or induced to differentiate and then apoptose, using established 

Ca2+ and staurosporine treatment protocols (see the Supplementary Materials and Methods 

and fig. S6) (35, 36). Although little is known about the exact mechanisms of keratinization 

induction in vivo, keratinization is accepted to be a specialized form of apoptosis (37).

To further validate the mitochondrial organization patterns we observed in vivo, we 

performed immunohistochemical analysis of healthy human skin samples stained for 

dynamin-related protein 1 (DRP1) (38) and the human fission protein 1 (hFis1) (39), two 

proteins related to mitochondrial fragmentation in mammalian cells.

Although both proteins were present in all epidermal layers, DRP1 was primarily expressed 

within the basal-parabasal cells. Overexpression of DRP1 is an independent cause of 

increased mitochondrial fragmentation (40). On the other hand, hFis1 expression was 

significantly increased within the granular layer, which consists of the most terminally 

differentiated keratinocytes before cornification (Fig. 4, B and C). This is consistent with 

studies showing that transient overexpression of hFis1 induces excessive DRP1-mediated 

mitochondrial fragmentation followed by cytochrome c release and, ultimately, apoptosis 

(39). Therefore, the observed immunohistochemistry findings of increased mitochondrial 

fission proteins in the basal and granular layers agree with the 3D optical trends and the 2D 

differentiation-apoptosis studies. These findings suggest a potential interplay between 

mitochondrial dynamics and the keratinization process, with mitochondria being key 

participants in the apoptotic cascade, which transforms granular keratinocytes into the 

stratum corneum.

Diseased epidermis lacks depth-dependent morphological and functional patterns

Several features were present within the optical stacks obtained from cancerous lesions, 

suggestive of underlying histopathology. In BCC, cellular nests resided in the dermis 

surrounded by excessive collagen/elastin stromal deposition (Fig. 4A, green arrows) (24), 

findings representing typical histological BCC presentation. The cellular morphological 

features were more highly variable among the melanomas than among the BCCs, with 

dendritic cells (melanocytes) appearing within the upper epidermal layers, haphazard 

cellular morphology, or cells invading the dermis (Fig. 4A). These abnormal morphological 

features of the diseased tissues were accompanied by functional deviations. Specifically, the 

depth-dependent mitochondrial clustering behavior of the lesion-derived optical stacks did 

not display any stratification-related correlation (Fig. 4A).

We did not detect any consistent depth-dependent mitochondrial clustering patterns when 

comparing BCCs and melanomas, nor did we detect any such patterns among lesions of the 

same gross histological category. In part, this result was expected, because the lesions 

originated from different cell types and displayed varying degrees of intraepithelial and/or 

intradermal invasion. In some of the lesions characterized by tumor cells invading the 

dermis, the mitochondrial organization was stabilized over the invaded dermal depth, 

suggesting a locally uniform metabolic lesion profile (fig. S5B).
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Thus, in contrast to the consistent, depth-dependent variations in the morphological (nuclear-

to-cytoplasmic ratio) and functional (mitochondrial clustering) features of the healthy 

epithelia that relate to histological stratification and indicate an interdependence of structure 

and function, the cancer-containing tissues exhibited depth-independent morphological and 

functional patterns. Consequently, metrics quantifying depth-dependent variations in 

functional features such as mitochondrial organization are candidates for useful tissue 

diagnostics.

Depth-dependent mitochondrial organization distinguishes diseased from healthy human 
skin tissues

To test the potential of the mitochondrial organization assessment by MPM imaging as a 

quantitative diagnostic biomarker, we considered three uncorrelated tissue metrics that 

evaluated both the metabolic and morphological features of human skin and could together 

differentiate healthy and diseased epithelia. The first captured the degree of depth-dependent 

stratification-related variations in mitochondrial clustering, absent in diseased epithelia. The 

second was the median mitochondrial clustering value of the tissue. The third was the depth-

dependent variation of the nuclear-to-cytoplasmic ratio, which is related to a standard 

histopathological morphological marker of healthy, differentiated squamous epithelia. Large 

variations in this ratio correlate with higher values of the PSD depth-dependent variance 

over scales that correspond to the size of nuclei and cell borders (29). Accordingly, the value 

of this third metric decreased with the loss of epithelial cell differentiation in cancerous 

lesions (fig. S4C).

The values of the three metrics were separated between healthy and diseased tissues (Fig. 

5A). To quantitatively gauge the efficacy of our classification system, we used linear 

discriminant analysis to differentiate healthy and diseased tissue stacks. Significant mean 

differences at α = 0.05 were observed for all three predictor variables (Fig. 5A). The log 

determinants were similar, and Box’s M indicated that the assumption of equality of 

covariance matrices was not violated (Fig. 5A). The discriminate function calculated with 

the entire data set revealed a significant association between groups and all predictors, 

accounting for 72.4% of between-group variability, and resulting in 100% specificity and 

94.1% sensitivity (Fig. 5B). Because the data set was relatively small, we also classified the 

sites using leave-one-out cross-validation, which resulted in correct classification of 89.7% 

of the cases, with a specificity of 100% and a sensitivity of 82.4% (Fig. 5B).

We then tested our classification approach in a predictive model, using randomized 

70%/30% training–test data separation, with the separation performed at the participant 

level. The predictive classification on the test data displayed 91.9% mean accuracy, 95% 

mean specificity, and 89.3% mean sensitivity (Fig. 5C). As a preliminary but potential future 

application, we applied the predictive classification prospectively to a small sample (n = 3) 

of TPEF tissue stacks acquired from one of the in situ melanoma patients, from locations 

that appeared macroscopically suspicious (erythematous with loss of normal pigmentation) 

but histologically exhibited solely dermal inflammation (fig. S7A). These optical stacks, in 

agreement with the histological findings, displayed no intraepithelial morphological 
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abnormalities (fig. S7B). The stacks representing areas of dermal inflammation (fig. S7B) 

were classified as healthy tissues 100% of the time (Fig. 5C).

DISCUSSION

Here, we established the ability to evaluate mitochondrial organization noninvasively in vivo 

within 3D, intact human tissues using solely endogenous TPEF images. Using fast 

monitoring under hypoxia-reperfusion conditions, we validated the sensitivity and specificity 

of our analytical technique to real physiological mitochondrial organization changes 

occurring in vivo and in vitro. These studies also illustrated the capability of this method to 

quantify dynamic changes occurring over several seconds. To demonstrate the translational 

diagnostic potential of assessing mitochondrial organization in vivo, we used this analytical 

approach to differentiate healthy skin epithelia from cancerous skin, as one example among 

a broader range of pathologies in which mitochondrial organization dysfunctions are 

implicated.

The mitochondrial responses to arterial occlusion and reperfusion in the upper epithelial 

layers are distinct from those in the lower layers, with the deeper layers having a stronger 

dependence on vascular oxygenation. This finding adds to existing studies (30) that point to 

the importance of vascular oxygen to the oxygen supply of the human epidermis. In addition 

to validating the sensitivity of our approach to established mitochondrial organization 

changes, the oxygen-reperfusion measurements reveal an interesting distinction in the 

dynamics of biochemical and organizational mitochondrial changes during reperfusion. 

Specifically, whereas NADH TPEF intensity recovers almost immediately, mitochondrial 

fusion, which reinstates the networks that enable exchange of the mitochondrial matrix 

content, is delayed. Such a delay is not observed during the onset of hypoxia, when an 

increase in both NADH TPEF intensity and mitochondrial fissioning occurs within seconds. 

Our finding indicates that mitochondrial biochemistry can differ temporally from 

mitochondrial dynamics. The mitochondrial organization changes that we have observed 

noninvasively are similar to the fission-fusion dynamics of mitochondria observed after 

hypoxia-reperfusion that until now have been studied in vitro with exogenous dyes (13, 14, 

38). Mitochondrial fusion requires high levels of control and coordination (15), because it is 

a multistep process involving several main and accessory proteins (41). Furthermore, the 

protein complexes rely on the mitochondrial membrane potential (ΔΨm) and adenosine 5′-
triphosphate (ATP) availability (42). During acute hypoxia, although carbon flux into the 

tricarboxylic acid cycle is not altered, the mitochondrial membrane potential is abolished by 

blockage of the electron transport chain due to the lack of oxygen. Ample recovery of the 

ΔΨm after reoxygenation is not instantaneous (43), which, in turn, can further hinder ATP 

production, because the electrochemical gradient is the main force driving ATP production. 

Therefore, disturbance of any of these finely balanced processes can delay fusion.

On the other hand, mitochondrial fission requires the recruitment of a single protein, DRP1 

(38). Although several proteins (39) are associated with recruiting DRP1 to the 

mitochondria, fission can happen within seconds (44), even outside a cellular environment. 

Mitochondrial depolarization by hypoxia is well known to induce DRP1-dependent fission 

(38). Hence, the fast hypoxia-driven fissioning response that we detected contrasts with the 
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delayed fusion dynamics and both are consistent with the biochemistry of the mitochondrial 

fission-fusion protein machinery.

Changes in the relative expression of the major molecular machinery components of 

mitochondrial fission may also be, at least in part, related to the consistent depth-dependent 

changes we observe within healthy keratinizing squamous epithelia. Specifically, the 

increased mitochondrial clustering seen within the basal/parabasal and granular layers are 

correlated with higher intraepithelial expression of DRP1 and hFis1 within those strata, 

respectively (Fig. 4, B and C). Furthermore, our depth-dependent results are a manifestation 

of the structure-function interdependence that governs the epidermal physiology. During 

differentiation, as cells turn from glycolysis to oxidative phosphorylation for energy 

production, mitochondria fuse and create more extensive networks (45), whereas during 

proliferation or apoptosis, mitochondria assume fragmented phenotypes (39, 46, 47), with 

mitochondrial fission often being the initiating step of the apoptotic pathway (39). Our in 

vitro studies, although performed in oversimplified models of the in vivo epidermis, 

conjointly support these associations. The consistent depth-dependent variations in both 

morphological and functional characteristics observed in healthy tissues fade away with 

disease, which is pathophysiologically expected as cancer cells overtake the normal 

parenchyma (23, 24), and these differences can be used for accurate tissue classification. In 

summary, our findings establish the ability to assess mitochondrial organization in humans 

in vivo in a quantitative manner, which obviates the need for tissue excision or exogenous 

contrast agents.

Although our results are promising, they are derived from a limited number of participants. 

The incorporation of morphofunctional evaluation in the analysis of NADH MPM images 

could be further developed beyond the current proof-of-principle demonstration by 

evaluating a larger human population. Such an extensive patient data pool could also allow a 

deeper understanding of the optimal combination of structure-function patterns that could 

predict patient prognosis, lesion metastatic potential, and treatment response/outcomes. 

Furthermore, the widespread adoption of MPM imaging in the clinic for diagnostic 

applications is still limited by the high technological costs associated with the required laser 

source and by the inability to image large fields of view. Moreover, current commercially 

available MPM systems consist of fairly bulky articulated arms that rely on traditional 

objectives for imaging, preventing access to epithelial tissues that can only be visualized 

endoscopically or laparoscopically. However, rapid advances in photonic components such 

as portable, cost-efficient near-infrared laser technology (48); rapid scanning mechanisms 

(49); and hand-held MPM-compatible probes (50) are expected to overcome these obstacles 

and enable broad clinical translation of MPM imaging for tissue diagnosis.

Despite the aforementioned limitations, our data display direct evidence of proof-of-concept 

translatability to humans. The technique described here is uniquely capable of 

simultaneously providing high-resolution images and functional information, a feature that 

could enhance standard diagnostic criteria for early cancer, which currently rely primarily on 

morphological features after tissue fixation and processing. One of the key advantages of 

mitochondrial clustering as a diagnostic biomarker is its relevance to both mitochondrial 

structure and cellular function. Our analysis can be automated and implemented in near real 
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time. Thus, although there may be some training required for the operation of the 

microscope, image interpretation can be performed algorithmically, resulting in procedural 

time and cost efficiency as well as enhanced screening efficacy. Finally, mitochondrial 

monitoring may have broad diagnostic, therapeutic, and disease monitoring applicability, a 

result of the association of mitochondrial dysfunction with a variety of human diseases.

MATERIALS AND METHODS

Study design

Our overall objective was to demonstrate that characterization of mitochondrial dynamics 

can be performed noninvasively in vivo in human subjects by using only endogenous 

contrast from the metabolic coenzyme NADH. We used both in vivo and in vitro systems to 

meet this goal. To validate temporal sensitivity in assessing mitochondrial dynamics 

changes, hypoxia-reperfusion experiments were performed, because hypoxia is a well-

known factor that affects mitochondrial dynamics and causes mitochondrial fragmentation. 

To demonstrate the potential medical application of mitochondrial organization as a 

diagnostic biomarker, we then proceeded to evaluate the depth-dependent mitochondrial 

organization of the human epidermis from healthy and cancerous skin. All in vivo 

measurements were conducted according to approved University of California, Irvine 

institutional review board protocol with written informed consent from all participants. 

Participants older than 18 years were included in the study, with pregnancy being the only 

exclusion criterion. Lesion sites were imaged before biopsy. All lesions were diagnosed by a 

dermatopathologist at University of California, Irvine (R.M.H.), using standard hematoxylin 

and eosin histology or Melan A staining when necessary. Immunohistochemical staining of 

fission proteins was also performed using healthy human skin discarded from cosmetic 

surgeries to validate the optically derived depth-dependent observations. Sample sizes were 

set so as to secure validation of the statistical analysis assumptions. No blinding or 

randomization was used, except for the predictive classification model, where a random 

number generator was used to assign the participants into the training and test data sets. 

Replication information is provided in the figure legends and in the respective section in the 

Supplementary Materials.

Imaging

Detailed protocols for the imaging and image analysis procedures are provided in the 

Supplementary Materials.

Statistical analyses

Statistical analysis was performed using IBM SPSS Statistics 22 and JMP 11 (SAS). To 

assess the significance of the NADH TPEF intensity or the mitochondrial clustering 

differences between hypoxia-reperfusion phases, mixed-model ANOVAs were performed 

with the post hoc Bonferroni correction for multiple comparisons. To account for the time 

series/temporal interdependence nature of the measurements within each experimental 

repeat, a nested, repeated-measures design was implemented. Because of a minor movement 

of the subject during the in vivo time series acquisition, the fixed focus of the epidermal 

layer was sometimes lost. Those images were not used in the analysis and comprised about 
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15% of the temporal data set. To recover those time points during the intensity and 

mitochondrial clustering evaluation described previously, linear interpolation was used. To 

evaluate the three-metric tissue separation model, multivariate and canonical linear 

discriminant analyses were performed. Multivariate analysis was implemented to evaluate 

the extent of correlation between the three metrics for each tissue group using the Pearson 

product-moment correlation coefficient. Before proceeding with the discriminant analysis, 

the mean values for each group and predictor variable were compared using univariate 

ANOVAs, and the test for the equality of the group covariance matrices was used to examine 

whether the null hypothesis of multivariate normality was not rejected. Sensitivity and 

specificity were calculated, with the linear discriminant function determined and applied 

using the entire data set as well as a leave-one-out cross-validation scheme. Similarly, linear 

discriminant analyses were used to evaluate the predictive performance of the three-metric 

model, with the tissue data set randomly grouped into training and test data using a 

70%/30% ratio, respectively. The discriminant functions derived from the training set were 

also applied in every run to the stacks representing dermal inflammation. To avoid data 

overfitting, five independent randomized runs were performed. To evaluate the 

immunohistochemical visual grading scores between the different epithelial layers for each 

protein, ANOVAs were performed followed by a post hoc Tukey test for multiple 

comparisons. Each ANOVA model accounted for the multiple fields sampling within each 

individual tissue using a nested design. Significance level for all statistics was set to α = 

0.05. All statistical analyses were reviewed by an independent statistician.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Endogenous NADH TPEF intensity and mitochondrial dynamics changes in response to 
arterial occlusion and reperfusion
(A) Top: Representative scaled in vivo NADH intensity TPEF images for upper and lower 

human skin layers before, during, and after arterial occlusion. Each epidermal layer was 

imaged every 10 s for 3 min in each phase. Bottom: The means ± SEM values of NADH 

intensity extracted from each NADH image of the upper and lower layers (n = 3 independent 

experiments for each layer). Values extracted during and after the occlusion are compared to 

those acquired before the occlusion. (B) Top: Corresponding processed cloned NADH 

intensity images for the upper and lower human skin layers shown in (A). Bottom: The 

means ± SEM values of the mitochondrial clustering extracted from each cloned image (n = 

3 independent experiments for each layer). Values extracted during and after the occlusion 

are compared to those acquired before the occlusion. For all panels, image heat maps reflect 

varying TPEF intensities; shaded regions within the bottom panels identify the occlusion 

phase. P values were determined by mixed-model analyses of variance (ANOVAs) with post 

hoc Bonferroni correction.
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Fig. 2. Cultured keratinocytes exhibit dynamic changes in NADH TPEF intensity upon exposure 
to hypoxia
(A) Representative scaled NADH TPEF intensity images from primary neonatal human 

epidermal keratinocytes (NHEKs) exposed to either normoxia or before, during, and after 

(early and late) hypoxia induction. Image heat map reflects varying TPEF intensities. (B) 

Comparisons of means ± SEM NADH intensity values for the NHEKs under normoxia or 

hypoxia. The presented values are acquired from five independent normoxia and four 

independent hypoxia experiments. At least three images were captured within each 

experimental phase during each experiment. The mean value in each phase is normalized for 

each group by its respective “before” intensity. P values indicated in the figure were 

calculated by a mixed-model ANOVA with post hoc Bonferroni correction. (C) Phasor 

distributions of the fluorescence lifetime distributions acquired from NHEKs under 

normoxia or hypoxia (n = 3 independent wells for each treatment). Red dashed lines depict 

linear fits to the phasor distributions, with respective centroids indicated by black filled 

circles.
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Fig. 3. Hypoxia-induced mitochondrial dynamics of cultured keratinocytes are similar to those 
observed in vivo
(A) Corresponding processed cloned NADH intensity images from the normoxic and 

hypoxic keratinocyte groups acquired before, during, and after (early and late) hypoxia 

induction as in Fig. 2A. Image heat map reflects varying TPEF intensities. (B) Comparisons 

of means ± SEM mitochondrial clustering values computed from the cloned images from all 

experiments performed with NHEKs under normoxic and hypoxic conditions (five 

independent normoxia and four independent hypoxia experiments; at least three images 

captured within each experimental phase during each experiment). The mean value in each 

phase is normalized for each group by its respective “before” baseline clustering. P values 

indicated in the figure were calculated by a mixed-model ANOVA with post hoc Bonferroni 

correction. (C) Direct comparison of NADH intensities and respective mitochondrial 

clustering values [as shown in (B) and Fig. 2B] for each experimental phase for the 

normoxia- and hypoxia-treated NHEKs. Left: NADH intensity axis. Right: Mitochondrial 

clustering axis.
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Fig. 4. Morphological and functional differences are detected in in vivo endogenous TPEF 
images of normal and cancerous human epithelia
(A) Representative raw TPEF images acquired at distinct depths from healthy and diseased 

epithelial tissues. The corresponding mitochondrial clustering values as a function of depth 

extracted from the tissue stacks are presented at the rightmost column as dots. The solid 

lines represent penalized spline fits with λ = 0.005. The labels A, B, C, and D within the 

mitochondrial clustering panels represent the mitochondrial clustering values extracted from 

the panel’s respective labeled images. Open-head red arrows designate the melanin caps, 

which intensify above and regress below the nuclei of the basal cells. Closed-head red 
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arrows designate melanin identified in melanoma tissues. Cyan and green arrows designate 

keratin and collagen/elastin contributions, respectively. Scale bar, 50 μm. (B) 

Immunohistochemical staining of DRP1 and hFis1 proteins in healthy human skin. Insets in 

both cases show quantitative intensity measurements as a function of depth for each 

respective panel. Decreased red color intensity corresponds to darker brown hues and, 

therefore, increased staining intensity. The borders between the basal-parabasal (B-PB), 

spinous (S), and granular (G) layers are identified with dashed lines. Scale bar, 25 μm. (C) 

Quantitative comparisons of the means ± SEM immunohistochemical staining intensity as a 

function of epithelial layer according to standard practice using a grading range from 0 to 4 

(n = 3 healthy human samples). Statistical significance between epithelial layers (P values 

are indicated in the figure) was determined by nested-model ANOVAs with post hoc Tukey 

test.
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Fig. 5. Mitochondrial depth-dependent assessments provide accurate tissue classification
(A) 3D scatterplot (left) showing in space the tissue separation of the healthy (purple; n = 

12) and diseased (orange; n = 17) tissue stacks, on the basis of three uncorrelated tissue 

metrics extracted from TPEF image analysis. Each point represents one tissue stack. Colored 

ellipsoids represent 70% of data coverage. Comparisons of the means ± SEM values for each 

of the metrics from all data acquired from healthy and diseased tissue stacks. Significant 

mean differences at α = 0.05 were observed by univariate ANOVAs for all three predictor 

variables (P values are indicated in the figure). The log determinants, Box’s M, and P values 

supported the assumption of equality of covariance matrices. (B) Original and cross-

validated classification outcomes based on the comparison of the three-metric model 

predictions with corresponding histopathological evaluations. (C) 3D scatterplot (left) 
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showing the separation of the healthy (purple), diseased (orange), and dermal inflammation 

(cyan; n = 3) tissue stacks. Each point represents one tissue stack. Colored ellipsoids 

represent 70% of data coverage. Classification outcomes (right) from the predictive 

discriminant analyses using randomized 70%/30% training–test data separation, 

respectively. The tissue stacks representing the areas of dermal inflammation were also 

evaluated by the predictive functions. Means and SDs are reported from five independent 

randomized runs.
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