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The present study describes the magnitude and spatial distribution of lung strain

in healthy anesthetized, mechanically ventilated dogs with and without positive end-

expiratory pressure (PEEP). Total lung strain (LSTOTAL) has a dynamic (LSDYNAMIC)

and a static (LSSTATIC) component. Due to lung heterogeneity, global lung strain may

not accurately represent regional total tissue lung strain (TSTOTAL), which may also

be described by a regional dynamic (TSDYNAMIC) and static (TSSTATIC) component.

Six healthy anesthetized beagles (12.4 ± 1.4 kg body weight) were placed in dorsal

recumbency and ventilated with a tidal volume of 15 ml/kg, respiratory rate of 15 bpm,

and zero end-expiratory pressure (ZEEP). Respiratory systemmechanics and full thoracic

end-expiratory and end-inspiratory CT scan images were obtained at ZEEP. Thereafter,

a PEEP of 5 cmH2O was set and respiratory system mechanics measurements and

end-expiratory and end-inspiratory images were repeated. Computed lung volumes

from CT scans were used to evaluate the global LSTOTAL, LSDYNAMIC, and LSSTATIC

during PEEP. During ZEEP, LSSTATIC was assumed zero; therefore, LSTOTAL was the

same as LSDYNAMIC. Image segmentation was applied to CT images to obtain maps

of regional TSTOTAL, TSDYNAMIC, and TSSTATIC during PEEP, and TSDYNAMIC during ZEEP.

Compliance increased (p = 0.013) and driving pressure decreased (p = 0.043) during

PEEP. PEEP increased the end-expiratory lung volume (p < 0.001) and significantly

reduced global LSDYNAMIC (33.4 ± 6.4% during ZEEP, 24.0 ± 4.6% during PEEP, p =

0.032). LSSTATIC by PEEP was larger than the reduction in LSDYNAMIC; therefore, LSTOTAL

at PEEP was larger than LSDYNAMIC at ZEEP (p= 0.005). There was marked topographic
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FIGURE 5 | Regional 2D strain maps during ZEEP and PEEP. (A) Regional 2D maps of dynamic strain during ZEEP, (B) regional 2D maps of dynamic strain during

PEEP, (C) regional 2D maps of static strain induced by PEEP, (D) regional 2D maps of total lung strain (dynamic + total) during PEEP. Total strain during ZEEP was

considered the same as that shown in Figure 3A. V, ventral; D, dorsal; A, apical; B, basal. Color palettes represent the range of strains in percentage, with 0

corresponding to 0% and 1-100% of the total lung tissue. *p < 0.05 with respect to ZEEP.

(Figure 6A). Compared with ZEEP, PEEP induced a significant
reduction (p < 0.05) in TSDYNAMIC in 10 (28%), 16 (64%),
8 (32%), and 6 (24%) of the 25 ROIs in the apicoventral,
basoventral, apicodorsal, and basodorsal regions, respectively
(Figure 5B).

Regional TSSTATIC induced by PEEP was on average 29.7 ±

9.2, 44.0 ± 10.3, 45.5 ± 14, and 46.6 ± 7.0% in the apicoventral,
apicodorsal, basoventral, and basodorsal quadrants, respectively,
with the basodorsal strain being significantly higher than the
apicoventral (p= 0.049), as shown in Figures 5C, 6B. Static lung
tissue strain induced by PEEP was significantly correlated with
the change in normoaerated and poorly aerated tissue (Figure 7).

Regional TSTOTAL strain during PEEP was on average 39.4
± 18.2, 60.9 ± 20.7, 62.8 ± 20.0, and 81.4 ± 8.5% in the
apicoventral, apicodorsal, basoventral, and basodorsal quadrants,

respectively, as shown in Figures 5D, 6C. Total lung tissue
strain was significantly higher (p = 0.003) in the basodorsal
quadrant compared with the apicoventral (Figure 6C). During
PEEP, regional TSTOTAL was significantly higher in 4 (16%), 12
(48%), 19 (76%), and 23 (92%) of the 25 ROIs in the apicoventral,
basoventral, apicodorsal, and basodorsal regions, respectively,
compared with TSDYNAMIC,ZEEP (Figure 5D).

DISCUSSION

In this study, we have assessed the regional 2D distribution of
lung aeration and TSDYNAMIC, TSSTATIC, and TSTOTAL in the
lungs of healthy anesthetized dogs in the supine position, with
and without PEEP and after administration of a neuromuscular
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FIGURE 6 | Dynamic, static, and total strains per quadrant. (A) Dynamic strains during ZEEP and PEEP per quadrant. Open circle: apicoventral, open square:

apicodorsal, open triangle: basoventral, open diamond: basodorsal. (B) Static strain induced by PEEP on each quadrant, (C) total strain induced by ZEEP and PEEP

for each quadrant. Note that during ZEEP total strain is the same as the dynamic strain reported in (A). *p < 0.05.

blocker. The results indicate that (1) PEEP induces a significant
global and regional increase in normoaerated tissue and a
decrease in poorly aerated tissue compared with ZEEP, especially
in dorsal quadrants. (2) TSDYNAMIC is heterogeneous, with the
lowest levels developing in the apicoventral regions and the
largest in the basodorsal regions, both with and without PEEP.
(3) PEEP induces a significant reduction in TSDYNAMIC in most
regions; however, TSTOTAL is higher during PEEP since the
reduction in TSDYNAMIC is smaller than the increase in TSSTATIC.
(4) TSSTATIC induced by PEEP follows a similar topographic
distribution as that described for the TSDYNAMIC. The magnitude
of TSSTATIC induced by PEEP is highest in areas of active gain in
normoaeration, suggesting effective recruitment, as opposed to
the development of overdistension.

Positive-end expiratory pressure is commonly used to increase
the FRC, consequently improving gas exchange and respiratory
mechanics. In the present study, adding PEEP resulted in a
significant increase in EELV, a reduction in driving pressure,
and a non-significant increase in PaO2. The significant increase
in EELV induced by simply adding 5 cmH2O of PEEP, even
without a preceding alveolar recruitment maneuver, suggests that
in this population of healthy dogs, a large mass of alveoli required
low opening pressures to be recruited. This finding is similar
to what has been previously described in healthy anesthetized
human patients receiving 7 cmH2O of PEEP without a preceding
alveolar recruitment maneuver (16). The amount of end-
expiratory atelectasis, as indicated by the non-aerated tissue
compartment, was very low in all lung regions and not modified
by the addition of PEEP. Although PEEP resulted in significant
increases in end-expiratory hyperaeration in a few non-
dependent regions, the magnitude was very small. Interestingly,
ROIs located in middorsal regions both during ZEEP and PEEP
showed somewhat increased hyperaeration compared with other
nondependent ROIs. This is physiologically unsound as it is
unlikely to observe extreme vertical transpulmonary gradients
between these regions to explain such differences. As shown in
Supplementary Figure 1, these hyperaerated midventral regions
seem to have stemmed from intraluminal bronchus. Therefore,
most of the gain in EELV occurred in areas that transitioned

from poor aeration to normoaeration when adding PEEP, which
occurred mainly in the dependent apicodorsal and basodorsal
regions. Importantly, by decreasing the poorly aerated tissue,
PEEP homogenized the vertical gradient of lung aeration.

The concept of strain defines the change in dimensions of a
structure in relation to its baseline dimension (32). Specifically,
LSDYNAMIC refers to the VT over the EELV (Strain = VT/EELV),
or FRC, depending on whether PEEP is being used (16). This
relationship evidences that both VT and EELV will affect the
magnitude of strain. While keeping VT constant, we showed
that the addition of PEEP resulted in a significant reduction in
global LSDYNAMIC and its clinical correlate, the airway driving
pressure. This is most likely the result of an overall increase in
EELV induced by PEEP. Importantly, however, the magnitude
of global LSSTATIC generated by PEEP was larger than the
reduction in LSDYNAMIC; therefore, the global LSTOTAL was
higher when compared with ZEEP. A previous study in pigs
with injured lungs showed that the addition of 10 cmH2O of
PEEP, after a recruitment maneuver, resulted in a reduction in
LSDYNAMIC of similar magnitude to the increase in LSSTATIC,
and therefore LSTOTAL was comparable between ZEEP and PEEP
(26). Important differences between that study and the present
are the presence of lung injury, which could have resulted in a
lower EELV at baseline and therefore a larger impact of PEEP
on recruited tissue and LSDYNAMIC, and the use of higher levels
of PEEP preceded by a recruitment maneuver. In terms of lung
protection, however, previous studies suggest that it is mostly the
cyclic deformation that determines the likelihood of strain and
mechanical ventilation to becoming injurious (12) and, therefore,
reducing LSDYNAMIC has been suggested as a clinically relevant
target not only in diseased (8, 26) but also in normal lungs (33).

Lungs are heterogeneous structures with a gravitational
gradient in aeration that determines differences in tidal
expansion (14). Therefore, global estimates of strain may
not accurately reflect strains in certain regions of the lung.
Paula et al. studied the regional distribution of lung strain
in healthy anesthetized pigs (14). The authors showed a clear
vertical gradient of regional strains, with mid-dependent areas
developing the largest local strains, in accordance with the
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FIGURE 7 | The association between the difference in (A) hyperaerated (1 hyperaerated tissue PEEP-ZEEP), (B) normoaerated (1 normoaerated tissue PEEP-ZEEP),

(C) poorly aerated (1 poorly aerated tissue PEEP-ZEEP), and (D) non-aerated (1 non-aerated tissue PEEP-ZEEP) tissue between PEEP and PEEP and the static

strain measured at the ROI level was evaluated with correlation. No significant correlations were found between the change in hyperaeration and non-aeration when

adding PEEP and the generation of static strain. Conversely, as shown in (B), the larger the gain in normoaerated tissue, the larger the static strain induced by PEEP.

Similarly, (C) shows that the more the reduction in the poorly aerated tissue, the higher the static strain induced by PEEP.

topographic findings of the present study. Interestingly, they
showed that some regions developed strain levels associated
with lung injury, even if the global estimate of strain was
within normal levels. In the present study, there was a marked
gradient in aeration during ZEEP, with ventral regions having
significantly more normoaerated tissue as compared with dorsal
ones. Likewise, although during ZEEP the global LSDYNAMIC was
33% on average, regional values of TSDYNAMIC ranged from 9
to 48%, indicating the possibility of regional strains substantially
larger (∼50%) than global strains. Topographically, lowest strains
concentrated in the apicoventral quadrant and highest strains in
the basodorsal quadrant. During PEEP, the vertical gradient of
aeration was reduced becomingmostly normoaerated. Moreover,
global LSDYNAMIC was 24% on average and regional strains
ranged lower than during ZEEP, from 6 to 40%. A recent
study in obese dogs ventilated with similar VT and ZEEP
showed that while global LSDYNAMIC was 38% in one dog, some
regions developed local TSDYNAMIC levels in excess of 150% (34).

Although the present study does not link the magnitude of the
observed strain levels to the generation of lung injury, studies
have shown that lung injury can occur even in the presence
of healthy lungs at baseline (9, 10, 13). Furthermore, relatively
low levels of regional strain have previously been associated
with markers of acute lung injury, especially in the presence
of comorbidities such as ongoing endotoxemia, which could
exacerbate the negative effect of regional strain over alveolar
integrity (11, 12, 15). Early use of techniques that result in
homogenization of lung aeration, such as titrated PEEP, have
been suggested to prevent the detrimental effects of regional
strains (15) and reduce small length scale heterogeneity in
normal sheep lungs (35). In the present study, PEEP resulted
in significant reductions in TSDYNAMIC in all of the evaluated
quadrants. A large study in non-cardiac surgical human patients
showed that an intraoperative PEEP of 5 cmH2O was associated
with lung protection (33). These data suggest that use of PEEP in
mechanically ventilated dogs may confer regional biomechanical
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benefits beyond improved gas exchange and global respiratory
mechanics during the intraoperative period.

Regional TSSTATIC ranged between 20 and 80%, with highest
levels concentrating in the basodorsal quadrant, where most of
the poorly aerated tissue was located during ZEEP. Static strain
refers to the tonic inflation of the lung above the FRC by the
addition of PEEP. It has been shown that when end-inspiratory
lung volume does not exceed total lung capacity, which is the
case in the present study, LSSTATIC is much better tolerated
than LSDYNAMIC (3), suggesting that the observed reduction in
regional TSDYNAMIC may be clinically more relevant than the
generation of TSSTATIC. Despite this observation, excessive PEEP
may lead to overdistension, resulting in impaired gas exchange,
respiratory system mechanics and hemodynamics, and lung
injury (36, 37). In the present study, however, the small PEEP
utilized was highly effective at reducing the end-expiratory poorly
aerated lung tissue, increasing the normoaerated proportion
with no significant increases in hyperaeration. Importantly,
we observed a significant correlation between the amount of
regional TSSTATIC and the extent of end-expiratory recruitment
induced by PEEP. That is, the larger the regional static strain,
the more lung tissue that transitioned from poor aeration to
normoaeration locally. Finally, the addition of PEEP did not
result in an increase in the calculated Bohr dead space. The
relevance of these results is emphasized by previously observed
reductions in inflammatory cell activity, particularly in dorsal
regions, with the application of PEEP (38).

The present study has limitations. We only included healthy
beagle dogs undergoing general anesthesia in the supine position.
It is possible that different breeds as well as obesity will develop
different magnitudes and distribution of regional strains at a
given VT (39). Furthermore, the distribution of aeration will
differ between prone and supine position, which may result in
different regional strains (15). However, we chose to focus on
the supine position, as this is the most common orientation
during general anesthesia for surgery in dogs. Only one level
of PEEP, without a preceding alveolar recruitment maneuver
was used. Recent studies have shown that PEEP may need
individualized titration to be most effective (40). In addition,
there is currently no gold standard technique for measurement
of regional volumetric strain, making it hard to compare these
results with others. Importantly, the technique used is labor-
intense and does not provide real time information, currently
limiting its application to research settings only. Finally, we
assume that at end-expiration during ZEEP there is a zero strain
state. This approach does not account for potential regional
heterogeneity that may be present at FRC. Future studies should
attempt to evaluate the effect of baseline static strain during ZEEP
over the global and regional total strain.

In conclusion, in anesthetized and mechanically ventilated
dogs in supine position, a moderate level of PEEP induces
homogenization of aeration, with predominance of
normoaeration. Furthermore, while PEEP results in significant
reductions in global and regional estimates of dynamic strain,
the increase in static strain is larger in magnitude; therefore, total
lung strain is increased compared with ZEEP. Future studies
should evaluate whether reductions in global LSDYNAMIC and
regional TSDYNAMIC by PEEP confer protective lung mechanism
in this population of dogs and in others with baseline lung
disease or ongoing comorbidities.
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